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Animal  Use  Statement 


The  experiments  reported  herein  were  conducted  according  to  the  principles 
described  in  "Guide  for  the  Care  and  Use  of  Laboratory  Animals"  prepared  for  the 
Committee  on  Care  and  Use  of  Laboratory  Animals,  DHHS  Publication  No.  NIH  78- 
23,  revised  1982. 
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V 


A  final  report  on  contract  no.  F49620-77-0110  was  finalized  in  1979.  The 
work  following  that  period  under  contract  F49620-80-C-0085  was  a  continuation  of 
this  effort  with  a  new  work  scope. 


Work  Scope  1980-1981 

a)  To  investigate  how  UDMH,  HZ  and/or  BP  are  transported  to  the  cell  nucleus. 

b)  To  investigate  changes  in  DNA  directed  DNA  polymerase  I  and  n  activity 
following  treatment  with  UDMH,  HZ  and/or  BP. 

c)  To  examine  changes  in  histone  labeling  patterns  during  the  early  and  late 
stages  of  the  carcinogenic  process  following  exposure  to  UDMH  or  BP. 

d)  To  investigate  the  interaction  of  HZ  and  BP  metabolites  with  DNA  during  the 
induction  process  and  correlate  this  with  the  metabolic  profiles  in  the 
activation  stage. 

e)  To  develop  a  predictable  and  reliable  procedure  using  human  cells  in  vitro  to 
evaluate  the  carcinogenic  potential  of  chemicals  of  interest  to  the  Air  Force. 


Abstract 

There  is  data  from  in  vivo  animal  systems  that  DMH  and  polynuclear 
hydrocarbons  may  pose  a  potential  carcinogenic  risk  to  man.  They  are  metabolized 
to  reactive  intermediate  metabolites  that  are  localized  in  suspectible  target  sites. 
These  sites  may  be  away  from  the  tissue  that  activates  the  proximate  carcinogen. 
One  such  highly  reactive  intermediate  obtained  from  DMH  metabolism  is 
methylazoxy  methanol.  This  compound  purportedly  degrades  to  form 
methyldiimine  and  formaldehyde.  Methyldiimine  then  forms  a  methyl  radical  after 
homolysis.  This  compound  then  is  converted  to  a  carbonium  ion  and  the  radical 
interacts  with  the  purine  bases  in  DNA.  Methylazoxymethanol  acetate,  (MAMA)  in 
the  presence  of  colon,  secum  and  liver  homogenates  reduced  NAD+  to  NADH. 
These  "alcohol  dehydrogenase-"-like  enzymes  are  quite  high  in  activity  in  the  liver 
and  may  account  for  the  organotypic  response  of  MAM  in  animals. 

We  completed  biochemical  studies  to  examine  how  these  carcinogens  were 
activated,  entered  the  human  cell  and  were  transported  to  the  nucleus.  We  also 
studied  how  these  reactive  carcinogenic  intermediates  interacted  with  different 
bases  in  the  DNA. 


Conclusions:  1980-1981 

1.  BP  was  transported  to  the  nucleus  via  a  lipoprotein  complex  where  it  was 
activated  to  an  oxygenated  form.  The  7R-BPDEH+)  anti  form  of  BP 
interacted  with  guanine  to  form  the  proper  adduct  to  induce  a  carcinogenic 
response. 

2.  The  hydrazine  compounds,  1,1-  and  1,2-dimethyl  forms  of  HZ  alkylated 
directly  the  DNA,  namely,  N?  of  guanine  and  0®-guanine.  Again  using  a 
compound  not  requiring  activation  the  appropriate  DNA-adducts  were 
formed. 
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3.  The  metabolic  profiles  of  BP  metabolism  by  the  plasma  membrane  associated 
^450  oxygenase  enzymes  indicated  that  this  activation  process  was  primarily 
associated  with  producing  toxic  metabolites  that  resulted  in  cellular  toxicity 
rather  that  a  carcinogenic  respose. 

4.  There  were  no  changes  in  a,  8  or  Y  DNA  polymerase  activity  of  cells 
treated  with  a  carcinogenic  non-toxic  dose  of  BP  or  1,1-;  1,2-DMH. 
Furthermore,  semi-conservative  DNA  synthesis  pattern  of  synchronous  cells 
in  S  was  not  altered.  The  profile  of  S  was  determined  by  autoradiography 
following  the  incorporation  of  [3H-CH3]  -thymidine  into  DNA. 

5.  We  detected  no  change  in  methylation,  acetylation  or  phosphorylation  of 
histone  proteins  as  reported  for  rodent  cell  systems  at  the  time  of  initiation. 
At  the  time  of  expression  of  the  transformed  phenotype  10  PDL  following  the 
conclusion  of  treatment,  we  did  at  that  time  see  a  change  in  labeling  patterns 
of  histones  primarily  in  the  Hi  histone. 

6.  We  found  that  FeSV  transformation  and  U.V.254  nm  induction  of 
transformation  followed  a  similar  pattern  of  induction  of  transformation,  i.e. 
in  a  narrow  window  of  time  in  early  S  the  cells  were  optimally  responsive  to 
the  carcinogenic  insult. 
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a)  To  examine  changes  in  histone  labeling  patterns  or  carcinogen-nuclear  non¬ 
histone  protein  binding  during  the  early  and  late  stages  of  the  carcinogenic 
process  following  exposure  to  different  carcinogens. 

b)  To  investigate  the  interaction  of  BP  and/or  BP  metabolites  with  DNA  during 
the  induction  process  and  correlate  these  adducts  with  BP  oxygenated 
metabolites  produced  during  the  activation  stage. 

c)  To  investigate  different  nitrosamines  for  their  carcinogenic  activities. 

d)  To  investigate  the  role  of  promoters  (modulators)  in  the  induction  process. 

e)  To  study  the  interaction  of  BP  and/or  BPDE-I  with  cellular  DNA  of 
responsive  and  refractory  cell  populations. 

f)  To  investigate  the  role  of  the  cell  cycle  in  influencing  chemical  induction  of 
human  cell  transformation. 

g)  To  investigate  the  effects  of  hydrazines  and  their  analogues  on  unscheduled 
DNA  synthesis. 


Abstract 

Polynuclear  hydrocarbons  or  hydrazine  analogues  do  not  have  an  absolute 
requirement  for  binding  to  DNA  in  order  to  elicit  a  carcinogenic  event. 
Furthermore,  PNH  like  BP  enter  the  nucleus  via  a  lipoprotein  complex  where  the 
BP  is  oxygenated  and  then  interacts  with  the  genetic  material,  (DNA).  The  adduct 
formed  is  7  g-BPDEI-dG.  Benzamide  does  not  alter  the  binding  of  the  perceived 
ultimate  carcinogen  to  dG  but  eliminates  the  carcinogenic  response.  The  period  of 
heightened  response  to  the  carcinogen  appears  to  be  3  hrs  into  S  phase  of  the  cell 
type.  The  modifying  effect  of  TPA  or  benzamide  appears  to  alter  the  nuclear  non¬ 
histone  proteins  protecting  the  cellular  DNA. 


Conclusion:  1981-1982 

The  specific  points  addressed  in  the  previous  years'  conclusions  were  then 
examined  again  in  the  presence  of  benzamide  (BZ),  an  inhibitor  of  the 
carcinogenesis  process. 

1.  It  was  found  that  the  BZ  compound,  while  inhibiting  the  expression  of 
carcinogenesis,  did  not  alter  the  profile  of  specific  carcinogen-DNA  adduct 
formation. 

2.  Unscheduled  DNA  synthesis  in  the  presence  of  and/or  absence  of  BZ  was  not 
altered.  Moreover,  when  an  insult  was  delivered  to  the  cells  in  Gi  part  of  the 
cell  cycle  compared  to  S  there  was  no  difference  in  repair  of  the  lesions  in 
DNA.  However,  cells  treated  in  G^  exhibited  no  carcinogenic  response  to  the 
insult  while  cells  treated  in  S  did  exhibit  a  carcinogenic  response. 


3.  Human  foreskin  fibroblast  populations  blocked  in  Gj,  released  and  treated 
with  methylazoxy  methanol  acetate  (MAMA)  from  the  time  of  release  (late 
Gj)  for  1  hr  treatment  intervals  until  4  hrs  into  S,  exhibited  a  differential 
sensitivity  to  MAMA  treatment  at  the  different  treatment  times.  A 
heightened  response  to  the  carcinogen  treatment  was  not  detected  until 
calmodulin,  a  cell  regulatory  protein,  was  optimally  present  in  the  nuclei  of 
the  late  G^  treated  cells  6  hrs  after  release  from  the  Gi  block.  Moreover, 
there  was  a  distinct  increase  in  the  number  of  transformed  phenotypes,  (cells 
that  will  grow  in  soft  agar)  observed  when  the  cells  were  treated  with  MAMA 
at  the  onset  of  scheduled  DNA  synthesis.  The  time  at  which  these  treated 
cells  were  optimally  responsive  to  a  carcinogenic  insult  was  12-13  hrs  after 
release  from  the  block  2-3  hrs  into  S.  Interestingly,  this  was  followed  by  a 
decrease  in  the  expression  of  anchorage  independent  growth  when  the  cells 
were  treated  13-14  hrs  after  release  from  the  block  4  hrs  into  S.  Benzamide 
interfered  in  the  process  when  added  at  the  onset  of  S  and  the  resultant 
carcinogen  treated  population  did  not  exhibit  a  comparable  increase  in 
expression  of  anchorage  independent  growth.  Cells  treated  with  MAMA  at 
the  point  of  release  from  the  block  Gi^-l  to  Gj3-4  did  not  express  anchorage 
independent  growth. 

4.  Cell  cycle  studies  to  study  the  effects  of  phorbol  esters  on  cell  cycle 
activation  using  the  published  cytofluorometric  procedures  developed  for 
animal  cell  systems  were  not  translatable  to  human  cells.  Dr.  D.  Tomei  had 
to  abandon  the  published  techniques  designed  for  animal  studies  and 
reevaluate  the  application  of  published  systems  to  human  cell  kinetic  cell 
cycle  work.  The  vital  stains  used  to  stain  cellular  DNA  would  not  work.  We 
are  continuing  to  evaluate  these  stains  as  described  above.  Either  scheduled 
DNA  synthesis  in  human  cells  undergoes  a  multiple  initiation  point  of  the 
beginning  of  DNA  synthesis  or  the  intercalating  DNA  dyes  do  not  penetrate 
the  nucleus  in  the  same  manner  as  that  described  for  animal  cells.  By 
modifying  our  isolation  procedures  we  now  are  obtaining  yields  in  excess  of 
50%  clean  nuclei.  The  application  of  these  techniques  permitted  us  to 
investigate  the  toxic  effects  of  compounds  on  the  nuclei  of  the  layers  of  skin 
grown  in  vitro. 
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Work  Scope  1982-November  30,1983 

a)  To  develop  a  procedure  that  is  both  predictable  and  reliable,  using  human 
cells  in  vitro  to  evaluate  the  potential  carcinogenic  activity  of  suspect 
carcinogens. 

b)  To  study  the  effect  promoters  and  sensitizers  have  on  the  preinduction 
process. 

c)  To  study  the  interrelationships  between  analogues  of  carcinogens  and  their 
carcinogen  activity. 

d)  To  investigate  the  role  of  the  cell  cycle  in  influencing  chemical  induction  of 
human  cell  transformation. 

e)  To  continue  studies  directed  towards  understanding  the  role  of  the 
carcinogens  evaluated  in  1981-1982  scope  of  work. 


Summary 

We  have  developed  a  reliable  and  reproducible  biological  endpoint  to  evaluate 
the  carcinogenic  endpoint  that  extends  beyond  the  work  published  in  IN  VITRO  17: 
719-729,  1981.  We  can  evaluate  the  endpoint  for  an  expression  of  cellular 
invasiveness  on  chick  embryonic  skin  in  vitro.  We  can  evaluate  the  neoplastic 
potential  of  the  transformed  cells  upon  injection  of  a  bolus  of  transformed  human 
cells  intracranially  into  the  frontal  sinus  of  a  nude  mouse.  We  can  reliably  and 
reproducibly  evaluate  the  transformed  cells  for  the  presence  of  a  sarcoma 
associated  determinant  using  a  monoclonal  antibody  directed  against  the  cell 
surface  determinant.  We  have  tissue  typed  a  range  of  sarcoma  tumor  tissues  from 
humans  and  found  one  case  that  was  negative  in  >  25  tumors  evaluated  to  date. 

Secondly,  we  have  examined  each  phase  of  the  cell  cycle  for  its 
responsiveness  to  a  carcinogenic  insult.  Human  foreskin  fibroblast  populations 
blocked  in  Gj,  released,  and  treated  with  methylazoxy methanol  acetate  (MAMA) 
from  the  time  of  release  (late  Gj)  for  1  hr  treatment  intervals  until  4  hrs  into  S 
exhibited  a  differential  sensitivity  to  MAMA  treatment  at  the  different  treatment 
times.  A  heightened  response  to  the  carcinogen  treatment  was  not  detected  until 
calmodulin,  a  cell-regulatory  protein,  was  optimally  present  in  the  nuclei  of  the 
late  Gj-treated  cells  6  hrs  after  release  from  the  Gj  block.  Moreover,  there  was  a 
distinct  increase  in  the  number  of  transformed  phenotypes  (cells  that  will  grow  in 
soft  agar),  observed  when  the  cells  were  treated  with  MAMA  at  the  onset  of 
scheduled  DNA  synthesis.  The  time  at  which  these  treated  cells  were  optimally 
responsive  to  a  carcinogenic  insult  was  12-13  hrs  after  release  from  the  block  2-3 
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hrs  into  S.  Interestingly,  this  was  followed  by  a  decrease  in  the  expression  of 
anchorage-independent  growth  when  the  cells  were  treated  13-14  hrs  after  release 
from  the  block  4  hrs  into  S.  Benzamide  interfered  in  the  process  when  added  at  the 
onset  of  S,  and  the  resultant  carcinogen-treated  population  did  not  exhibit  a 
comparable  increase  in  expression  of  anchorage-independent  growth.  Cells  treated 
with  MAMA  at  the  point  of  release  from  the  block  G]^-!  to  Gi^-4  did  not  express 
anchorage-independent  growth. 

It  was  proposed  that  the  heightened  presence  of  calmodulin  in  the  nuclei  4  hrs 
prior  to  the  onset  of  scheduled  DNA  synthesis  is  a  cell-regulatory  function  that 
sets  in  motion  a  complex  series  of  events  (program)  in  carcinogen-initiated  human 
fibroblasts  that  leads  to  a  subsequent  carcinogenic  response. 

The  specific  DNA-carcinogen  adducts  formed  under  these  conditions  were 
qualitatively  and  quantitatively  no  different  in  non  BZ-carcinogen  treated  cells 
when  compared  to  BZ-carcinogen  treated  cells.  We  conclude  from  these  studies 
that  specific  adduct  formation  between  the  carcinogen  and  bases  in  the  DNA  does 
not  appear  to  be  the  critical  mechanism  for  induction  of  a  transformed  human 
phenotype.  We  recognized  that  the  toxic  insult  plays  a  role  in  the  program  of 
cellular  events  that  leads  to  a  carcinogenic  response  but  is  not  necessarily  a 
requirement  when  the  events  leading  to  an  initial  expression  of  carcinogenesis  are 
not  properly  programmed  into  the  dynamic  cell  cycle  phase. 

In  the  narrow  window  of  time  where  the  cell  in  S  is  responsive  to  the 
carcinogenic  insult  (Milo,  G.  (1983)  In  vitro  transformation  of  human  cells: 
modulation  of  early  gene  expression  preceding  carcinogen  induced  events.  Human 
Carcinogenesis.  Eds.  Harris  and  Autrup,  Chapt.  17:  431-449.  Academic  Press, 
N.Y.)  we  do  not  know  whether  the  carcinogen-adducts  formed  in  early  S  are 
critically  formed  in  the  fast  replicating  DNA  or  the  parental  strand  of  DNA.  We 
are  at  the  present  engaged  in  the  following  experiments  to  evaluate  the  above: 

1.  Experiments  to  look  at  specific  carcinogen-DNA  adducts  in  fast  replicating 
and  parental  DNA  in  the  presence  of  BZ. 

2.  Using  either  [^H]-G  or  [  -G  labeled  Budr  we  will  examine  the  isolated 
Budr  labled  DNA  in  the  light  and  heavy  strands  of  DNA  to  see  if  there  is 
preferential  binding  of  the  carcinogen  in  the  presence  or  absence  of  BZ. 

3.  We  are  developing  post  32p-  labeling  technology  to  measure  carcinogen-DNA 
adducts  at  the  fentamole  (10_15moles)  level  rather  than  the  micromole 
(10~6 moles)  level.  This  technology  will  permit  us  to  increase  our  level  of 
sensitivity  for  detection  of  specific  carcinogen  minor  modification  of  the 
DNA  and  quantitate  minor  modifications  in  the  DNA.  The  addition  of  BZ  to 
the  carcinogen  treated  cultures  will  permit  us  to  examine  how  the  cells  will 
respond  to  a  toxic  insult.  Another  biological  response  the  treated  cells  may 
express  is  a  mutagenic  response.  Under  these  conditions,  when  grown  on  6- 
thioguanine  supplemented  medium,  the  cells  produce  mutants.  These  hprt 
mutants  were  amplified  when  the  cells  were  treated  in  late  Gj  4  hrs  prior  to 
the  onset  of  S.  In  the  presence  of  BZ,  added  at  the  Gi  release  point  for  10 
hrs  and  removed  at  the  onset  of  S,  transformants  were  reduced  to  zero  while 
not  affecting  the  expression  of  the  point  mutations,  (  hprt  mutants).  We  can, 
therefore,  by  selecting  when  we  add  the  carcinogen,  either  elicit  a  mutagenic 
response,  a  carcinogenic  response,  or  a  toxic  response.  We  suspect,  due  to 
the  short  period  of  time  that  elapses  between  the  initial  insult  and  the 
fixation  of  the  insult  that  the  initial  insult  is  fixed  in  the  cell  in  the  following 
manner: 
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We  will  study  these  proposed  pathways  by  examining  the  treated  cells  for 
deaminase  activity,  incorporation  of  radiolabeled  methionine  into  BZ  and  non-BZ 
treated  cells,  etc. 
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The  pot  cut  mutagens,  1  itropyrene  and  &-nitrobenzo(a  1- 
pyrene,  are  shown  to  induce  the  transformation  of  cultured 
normal  human  diploid  fibroblasts  to  a  state  of  anchorage- 
independent  growth  and  cellular  invasiveness.  The  transfor¬ 
mation  frequencies  arc  greatly  enhanced  by  addition  of 
bovine  milk  xanthine  oxidase,  a  mammalian  nitroreductase. 

Polycyclic  aromatic  hydrocarbons  (PAH’S)*  are  en¬ 
vironmental  contaminants  which  are  metabolized  in  a  wide 
variety  of  species  to  reactive  electrophiles  that  bind  to  cellular 
constituents  and  lead  to  mutations  and  canes  (1-3).  Recent 
evidence  has  demonstrated  that  a  subclass  of  these  com¬ 
pounds.  the  nitro-substituted  PAH’S,  are  found  in  fly  ash, 
diesel  emissions,  photocopier  fluids,  cigarette  smoke,  and  en¬ 
vironmental  samples  (4-14).  These  niiroarenes  ate  highly 
mutagenic  in  microbial  test  systems  (7-9.  13  - 17),  and  ap¬ 
pear  to  be  responsible  for  a  large  proportion  of  the  mutagenic 
activity  of  airborne  particulates  (10).  Nitro-substituted 
PAH's  are  also  known  to  be  appreciably  less  mutagenic  in 
nitroreductase-deficient  Salmonella  typhimurium  strains  than 
in  normal  tester  strains  (8,13-17),  which  suggests  that 
metabolic  reduction  of  the  nitro  group  is  an  essential  step  in 
the  mutagenic  activation  of  these  compounds. 

We  have  recently  reported  that  bovine  milk  xanthine  ox¬ 
idase,  a  mammalian  nitroreductase,  will  reduce  the  nitro- 
PAH,  1-nitropyrene,  to  an  electrophilic  species  that  binds 
covalently  to  DNA  (18);  and  evidence  has  been  presented 
which  indicates  that  the  N-hydroxy  arylamine,  N-hydroxy-1- 
ami nopyrene,  is  the  ultimate  mutagenic  metabolite  of  1-nitro¬ 
pyrene  (18,19).  We  have  also  reported  that  the  carcinogenic 
N-hydroxy  derivative  of  1-  and  2-naphthylamine  Induce  the 
transformation  of  cultured  human  fibroblasts  to  a  state  of 
anchorage-independent  growth  (20).  These  neoplastic  cells 
wee  also  capable  of  progressing  to  tumors  in  nude  mice 
following  implantation. 

In  the  present  report,  two  environmentally  occurring  nitro- 
arene,  namely  1-nitropyrene  and  6-nitrobenzo(a]pyrene,  are 
shown  to  induce  the  transformation  of  cultured  normal 
human  diploid  fibroblasts  to  clones  that  exhibit  anchorage- 
independent  growth  and  cellular  invasiveness.  In  addition, 
since  xanthine  oxidase  can  reduce  1-nitropyrene  to  a  DNA- 
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binding  species,  ceil  cultures  were  supplemented  with  this  en¬ 
zyme  and  its  substrate,  hypoxanthine,  in  order  to  determine 
whether  or  not  exogenous  enzymatic  nitroreduction  would 
enhance  the  transformation  frequency. 

Foreskin-derived  normal  human  diploid  fibroblasts  (21,22) 
were  seeded  at  low  cell  density  (23)  in  Eagle's  minimal  essen¬ 
tial  medium  prepared  with  Hank’s  balanced  salt  solution 
(MEM-HBSS)  and  20  m.M  HEPES.  pH  7.1  and  sup¬ 
plemented  with  lx  essential  amino  acids,  ix  vitamins,  and 
20*o  fetal  bovine  serum  (FBS).  Following  attachment,  the 
cells  were  treated  under  anaerobic  conditions  with  3.  6,  16  or 
33  jiM  I -nitropyTene  or  4.  13,  34  or  67  pM  6-nitrobenzo(a|- 
pyrene  to  determine  cytotoxicity,  as  measured  by  relative 
cloning  efficiency  and  the  ability  to  grow  in  soft  agar  (23). 

in  the  transformation  protocol,  cells  were  incubated  at 
high  ceil  density  (23)  in  MEM-HBSS,  20  mM  HEPES  buffer. 
pH  7.2,  and  10ro  FBS  (maintenance  medium)  and  syn¬ 
chronized  to  S- phase  as  described  (24,23).  The  cells  were  then 
exposed  under  anaerobic  conditions  to  either  1-nitropyrene  or 
6-fiitrobenzo(a|pyrene  at  concentrations  that  resulted  in  a 
73*o  relative  doning  effidency  at  low  cell  density;  i.e.,  16  pM 
for  1-nitropyrene  and  34  pM  for  6-nitrobenzo[alpyrene.  The 
absolute  plating  efficiency  for  untreated  cells  was  always 
>95*o.  When  indicated,  allopurinoi  (37  pM)  and/or  0.1 
U/ ml  xanthine  oxidase  along  with  3.7  mM  hypoxanthine 
were  added.  After  2.5  h  of  incubation,  the  medium  was 
changed  to  the  maintenance  medium  and  the  cells  were  then 
incubated  for  an  additional  9.5  h.  The  cells  were  then  serially 
passaged  1:2  into  8x  selection  medium  (20.22.24.23).  and 
upon  reaching  confluence  they  were  passaged  five  additional 
times  at  1:10  split  ratios.  These  cells  were  seeded  at  5  x  10* 
crils/23  cm1  into  2  ml  of  0.33<po  agar  in  supplemented 
Duibecco's  LoCal  medium  and  layered  over  a  5-ml  base  of 
2*o  agar  in  RPMI-1629  (23).  The  low  calcium  conditions 
employed  have  been  demonstrated  to  select  for  transformed 
phenotypes  by  inhibiting  the  growth  of  normal  fibroblasts 
(26).  Colonies  of  50  cells  or  greater  were  scored  21  days 
following  seeding  and  the  colony-forming  ability  determined 
per  10s  seeded  ceils. 

The  cells  were  then  seeded  in  complete  medium  (27)  and 
propagated  in  vitro  before  implantation  on  chicken  embryo 
skin  cultures  to  determine  the  invasiveness  of  the  transformed 
cells  (27,28).  Embryos  were  removed  from  9-  10-dav-old  fer¬ 
tile  eggs,  the  skin  was  isolated  and  placed  on  a  2*»  agar  base 
containing  chicken  embryo  extract  supplemented  with  MEM- 
HBSS  (26,27).  Seeded  onto  the  skins  were  propagated  cells 
which  had  been  suspended  in  25  pi  of  MEM-HBSS  sup¬ 
plemented  with  20**  FBS.  The  cells  were  refed  on  day  2  with 
15  pi  of  MEM-HBSS  supplemented  with  20*o  FBS.  The 
tissues  were  fixed  on  day  4  with  Bouin’s  solution,  embedded 
in  paraffin,  stained  with  hematoxylin  and  eosin.  and 
evaluated  for  invasiveness  by  light  microscopy. 

Incubation  of  normal  human  fibroblasts  at  low  cell  density 
and  under  anaerobic  conditions  with  various  concentrations 
of  1-nitropyrene  and  6-nitrobenzo[a|pyrene  led  to  a 
concentration-dependent  increase  in  both  cytotoxicity,  as  in- 
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T aWt  L  Rdjuve  down*  efficiency  and  frequency  or'  enchtxsge- 
independent  growth  in  tort  agar  by  human  diploid  fibroblasis  eapcaed  to 
l-rucropyrene  and  6uutro0en2o(d]pyren«. 


Compound 

Concentration 

<*M) 

Relative  cloning 
efficiency1 
(*) 

Frequency  of 
cofony  growth 
in  soft  agar6 

l-Ninropyrene 

3 

100 

8  *  1 

6 

90 

12  *  1 

16 

73 

34  *  3 

33 

30 

58  *  3 

6-Nkrotwruo(«f- 

4 

too 

10  *  2 

pyrene 

13 

90 

16  *  2 

34 

75 

40  *  3 

67 

50 

75  *4 

*Ceb  were  seeded  at  ao/cm1.  treated  roc  2  — 5  h  tinder  anaerobic  condition! 
with  varying  concentrations  of  the  moated  PAH.  and  allowed  to  grow  ?-  II 
days  before  determining  the  fctanve  dotting  etflccncy  'After  senal  passage  in 
8a  selection  medaun.  50  000  celts  were  seeded  into  0J3*i  agar  in  sup 
pkmented  Dulbecco’s  LoCal  medium  and  layered  over  a  2»»  agar  base  in 
RPM1-I629.  The  co tones  were  counted  after  ;  1  days  and  represens  the  mean 
•  SO. 


dicat ed  by  relative  cloning  efficiency,  and  frequency  of 
anchorage-independent  growth  in  soft  agar  (Table  1). 
Anchorage-independence  was  not  observed  under  aerobic 
conditions  or  after  exposure  of  the  ceils  to  the  solvent  vehicle. 
1-Nitropyrene  was  more  cytotoxic  than  6-nitrobcns>[aJ- 
pyrene;  and,  at  equal  doses,  it  caused  approximately  twice  as 
many  anchorage-independent  ooionies  as  6-nitrobcnzo[al- 
pyrene. 

The  transformation  protocol  requires  that  cells  be  treated 
at  high  cell  density  (23).  Under  these  conditions,  nitrated 
PAH  concentrations  that  gave  a  75»«  relative  cloning  effi¬ 
ciency  in  the  low  cell  density  cytotoxicity  assay  (i.e..  lb  n M 
1-nitropyrene  and  34  *tM  6-nitrobenzo(a]pyrene)  did  not  diett 
any  cytotoxicity.  These  concentrations  led  to  the  expression 
of  an  average  of  14  and  36  transformed  colonies/ 10s  seeded 
cdls  for  1-nitropyrene  and  6-nitrobenzo(a]pyrene,  respective¬ 
ly  (Table  II).  As  before,  no  transformed  colonies  were 
observed  under  aerobic  conditions  or  after  exposure  of  the 
cells  to  the  solvent  vehicle.  Since  anaerobic  conditions  were 
required  during  the  nitrated  PAH  exposure  period  in  both  the 
cytotoxicity  and  transformation  experiments,  these  data  sug¬ 
gest  that  human  fibroblasts  might  metabolize  nitroaienes  to 
ultimate  carcinogens  and  that  the  conversion  could  involve 
either  an  oxygen-sensitive  nitroreductase  or  a  reactive 
metabolite  that  rapidly  decomposed  under  aerobic  condi¬ 
tions. 

The  addition  of  hypoxanthine  and  bovine  milk  xanthine 
oxidase,  which  functions  as  a  nitroreductase  under  anaerobic 
conditions  (18).  resulted  in  a  substantial  increase  in  the  trans¬ 
formation  frequency  to  yield  an  average  of  81  and  62  col¬ 
onies/ 10s  cdls,  respectively,  for  l-nitropyrene  and  6-nitro- 
benzo(a)pyiene  (Table  II).  Neither  hypoxanthine  nor  xan¬ 
thine  oxidase  were  toxic  to  the  cells,  nor  induced  transforma¬ 
tion  under  these  conditions.  Analysis  of  the  incubation 
medium  by  h.p.Lc.  indicated  a  xanthine  oxidase-dependent 
reduction  of  1-nitropyrene  to  1 -ami nopyrene.  Therefore,  ex¬ 
ogenous  xanthine  oxidase  appeared  to  convert  1-nitropyrene 
and  6-nitrobenzo(alpytene  to  reactive  metabolites  which 
entered  the  fibroblast  and  induced  cellular  damage  that 
resulted  in  a  transformed  phenotype.  Allopurinol,  a  specific 
inhibitor  of  xanthine  oxidase  (18,29),  decreased  the  transfor- 


TaWe  II.  Human  djplosd  fibroblast  expression  ot  anchorage-independent 
growth  In  soft  agar  and  celluhr  tnvastveness  on  click  embtyonc  cells  tollow. 
ing  exposure  to  tutro-substuuted  PAH's. 


Incubation  conditions 

Experiment 

Frequency  of 

Cellular 

colony  growth 

invasive 

in  soft  agar6 

oesr 

l-Nitropyrene 

Complete* 

1 

14  *  5 

2 

14  *  7 

* 

Complete  *  air 

1 

0 

N.T. 

Complete  *  hypoxanthine/ 

1 

84  *  14 

4- 

xanthine  oxidase 

2 

78  *  1 

♦ 

Complete  *  allopurinol  «• 

I 

9  »  3 

N.T. 

hypoxanthine/ xanthine  oxidase 

2 

so  *  * 

N.T 

Control 

J 

V 

N.T 

i 

0 

N.T. 

6- Nitrobenzo(a  |py  rene 

Complete 

l 

36  *  8 

* 

V 

36  *  10 

* 

3 

35  a  7 

N.T 

Complete  +  air 

1 

0 

NT 

Complete  ♦  hypoxanthne/ 

1 

38  a  5 

4- 

xanthine  oxidase 

2 

66  *  II 

4. 

3 

69  *  5 

N.T. 

Complete  *  allopurinol  * 

1 

14  *  5 

N.T. 

hypoxanthine/ unth me  ox  base 

2 

6  *  3 

N.T. 

Control 

l 

1  *  1 

N.T. 

2 

0 

N.T. 

*The  complete  meubanon  consoled  of  expos tre  of  the  cdls  foe  15  h  as 
MEM-HBS5  under  anaerobic  conditions  to  either  I-nitropyrene  116  AH  or 
Snarobenzofajpyrene  134  pM).  When  indicated,  allopurinol  (33  wMl  stsd/or 
0.1  13/ ml  xanthine  oxidate  and  3.7  mM  hypoxanthine  were  added.  Control 
conditions  were  the  exposure  to  M£M-HBSS.  anaerobically.  ‘The  cdls  were 
prtpnmd.  treated,  and  assayed  for  growth  efficiency  in  soft  agar  as  described 
tn  the  text  The  frequency  indicated  is  the  manber  of  colonies  of  SO  cdls  or 
greater  in  size,  scored  21  days  following  seeding  and  depressed  as  colonies.'  to* 
seeded  cdls.  Each  value  a  (he  mean  value  foe  three  readings/ sveU.  with  three 
reels/ treatment  and  is  presented  as  the  mean  *  S.D.  -'Each  of  die  cluck  em¬ 
bryonic  skin  organ  allures  received  transformed  or  Us  as  described  in  die  text 
The  organ  cuXurei  were  evaluated  3  days  later  (22).  N.T.  indicates  nor  tested. 
‘‘Occasasnaiy  an  aggregate  of  cdls  appeared  in  the  agar.  These  svere  recogniz¬ 
ed  by  die  presence  of  very  Urge  ceils  in  the  presence  or' smaller  ceils  in  the  col¬ 
ony. 

mation  frequency  for  both  rtttro  compounds  to  - 10  col¬ 
onies/ 10*  cells  (Table  II).  No  toxicity  was  detected  in  cells 
treated  with  allopurinol  and  h.p.I.c.  indicated  thai  this  agent 
completely  suppressed  xanthine  oxidase-catalyzed  1-nitro- 
pyrene  reduction.  For  6-niirobenzo(a]pyrene,  the  inhibited 
level  of  transformation  was  significantly  lower  than  that 
observed  with  fibroblasts  alone  and  suggests  that  an  en¬ 
dogenous  allopurinol-sensitive  nitroreductases)  may  be  pre¬ 
sent  in  the  cultured  cells. 

A  strong  correlation  exists  between  tumor  formation  in 
nude  mice,  growth  in  soft  agar,  and  invasiveness  in  chicken 
embryo  skin  cultures  for  chemically-transformed  cells,  or 
isolated  carcinoma  cells  (27).  In  this  study,  all  of  the  cells 
tested  exhibited  cellular  invasiveness  that  interrupted  3-13 
layen  of  embryonic  skin  cells  (Table  II).  Based  upon  mitotic 
index  and  morphological  properties,  the  invasive  cell  popula¬ 
tions  have  been  previously  characterized  as  simulated 
fibrosarcomas  (27). 

In  conclusion,  both  1-nitropyrene  and  6-nitrobenzo(a|- 
pyrene  have  been  shown  to  transform  cultured  human  diploid 
fibroblasts  to  a  state  of  anchorage-independent  growth  and 
cellular  invasiveness  that  is  indicative  of  their  potential  for 
neoplastic  growth.  Since  anaerobic  conditions  were  essential 
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for  this  transformation  and  because  the  frequency  could  be 
augmented  by  xanthine  oxidase,  it  appears  that  nitro- 
reduction  may  be  an  essential  metabolic  activation  pathway 
for  these  nitroarenes.  The  xanthine  oxidase-mediated  conver¬ 
sion  of  1-nitropyrene  to  a  DNA-binding  species  (18)  and  the 
decreased  mutagenicity  ot'  nitroarenes  in  nitroreductase- 
defident  bacteria  (8,15-17)  support  this  conclusion  and 
together  suggest  that  arylamine-DNA  adducts  may  be 
responsible  for  the  biological  activity  of  this  class  of  com¬ 
pounds.  This  hypothesis  is  consistent  with  the  recent  iden¬ 
tification  of  N-(deoxyguanosin-8-ylH-aminopyrene  as  the 
major  DNA  adduct  formed  in  the  xanthine  oxidase/  1-nitro¬ 
pyrene  in  vitro  reaction  (19),  in  the  genome  of  S.  typhi- 
murium  TA1538  incubated  with  1-nitropyrene  (19),  and  in 
the  reaction  of  N-hydroxy-l-aminopyrcne  with  DNA  (Bciand 
and  Howard,  unpublished  observation).  In  addition  to  the 
mutagenic  potential  of  nitro-PAH’s  in  S.  typhimurium  and 
the  transformation  potential  of  these  compounds  demon¬ 
strated  in  the  present  study,  nitrated  pyrenes  have  been  shown 
to  cause  mutations  in  cultured  mouse  lymphoma  cells  (30), 
Chinese  hamster  lung  cells  (31),  and  Saccharomyces  cerevisiae 
(32).  These  compounds  also  induce  sister  chromatid  ex¬ 
changes  in  cultured  Chinese  hamster  ovary  ceils  (33),  induce 
unscheduled  DNA  synthesis  in  HeLa  cells  (34),  and  induce 
local  tumors  in  male  rats  (35).  These  observations  support  the 
hypothesis  that  further  environmental  contamination  by 
nitrated  PAH’s  may  pose  a  health  risk  to  humans. 

Acknowledgements 

P  C. Howard  was  supported  m  pan  by  an  Interagency  Agreement  with  the 
Veterans  Admnwauon  Hospital.  Little  Rock,  AR.  G.E.Miio  was  supported 
in  pan  by  AFSOR-F-49620-80-C0085  We  thank  Ruth  York  for  typing  this 
manuscript. 

References 

1.  DippteA.  (1976V,  Polynuclear  aromatic  hydrocarbons,  in  Searte.C.E. 
(«L).  Chemical  Carcinogens,  American  Chemical  Society.  Washington,  DC. 
pp.  245-314. 

2.  GdboitwH.V.  and  Ts’o.P.O.P.  (1978),  Polycyclic  Hydrocarbons  <md 
Conor,  VoL  /.  Academic  Press.  New  York. 

3.  Jones,P.W.  and  Freudenthal.R.i.  (1978),  Carcinogenesis  -  A  Com - 
prehenstve  Survey.  Voi.  3.  Raven  Press,  New  York. 

4.  Wang.Y.Y„  Rappaport^M.,  SawyerJt.F..  Takott,R.E.  and  WeiX.T. 
(1978),  Diret-i-acting  mutagens  in  automobile  exhaust.  Conor  Lett.,  5.  39-47. 

5.  PlosJ.iN.Jr.  (1979),  Photochemical  and  biological  implications  of  the 
atmospheric  reactions  of  amines  and  benzofajpyrene,  Phil  Tram.  ft.  Soe. 
Lond.  A.  296.  351-376. 

6.  Lofroch.G.,  Hefner ,E.,  Attheim  J.  and  Molkr M-  ( I960),  Mutagenic  ac¬ 
tivities  in  photocopies.  Science  (Wash.).  209,  1037-1039. 

7.  Rosenkranz.H.S..  McCoy. E.C..  Sanders. D.  R.,  Butler. M., 
Kjriaad<s.D.K.  and  Mermelsteinjl.  (I960),  NUropyrenes:  isoiaoon.  iden¬ 
tification.  and  reduction  of  mutagenic  impurities  in  carbon  black  and  tonen, 
Scenct  ( Wash.).  209.  1039-1043. 

8.  Wang.C.Y.,  Lee.M.-S..  King, CM.  and  Warner .P.O.  (I960),  Evidence 
for  ni troaromarics  as  direct-acting  mutagens  of  airborne  particulates,  Chemo- 
sphere.  9.  83-87. 

9.  Tokiwaji..  NakagawaJ*.  and  OhnisM.Y.  (1961),  Muugemc  may  of 
aromatic  nnro  compounds  in  Salmonella  typhimurium,  Mutot.  Re, t..  91, 
321-325. 

10.  Rosenkranz.H.S.  (1962).  Direct-acting  mutagens  in  diesel  exhausts: 
magnitude  of  the  problem.  Mutot.  Res..  161.  t-10. 

11.  McCoyXC.  and  Rosenkranz.H.5.  (1962X  Cigarette  smoke  may  yield 
nitroarenes.  Cancer  Lett..  15.  9-13. 

12.  Pederson.T.C.  and  SlakJ.-S.  (1961).  The  role  of  nitraaromaoc  com¬ 
pounds  in  the  direct-acting  muugcmaty  of  diad  partkniate  extracts.  J.  Appf. 
Toxicol..  I.  54-60. 

13.  Pedenon.T.C.  and  SiakJ.-S.  (I960.  The  activation  of  mutagens  in 
diesel  particle  extract  with  rat  liver  S9  enzymes.  J  Appl.  Toxtcoi.,  I,  61-66. 

14.  PedrrsonXC.  and  SlakJ.-S.  (1961).  Dinicropyrenes:  their  probable 
preMnee  in  dicKi  particle  extracts  and  consequent  effect  on  mutagenic  activa* 


uons  by  NADPH -dependent  S9  enzymes.  EPA  Diesel  Emission  Symposium. 
Raleigh.  NC,  October  5-7.  1961 

15.  Mermdstein.R..  Kiriaades.D.K..  Butler .M..  McCoy.E.C.  and  Rosen- 
kranz.H  S.  (1981),  The  extraordinary  mutagenicity  of  futropyrenc  in  bactena. 
Mutot.  Res..  99.  187-196. 

16.  Rosenkranz.H.S..  McCoy .E.C..  Mermelstetn.R.  and  Speck. W  T 
(1981),  A  cautionary  note  on  the  use  of  nitroreductase -deficient  strains  oi 
Salmonella  typhtmunum  for  the  detection  of  nitroarenes  as  mutagens  in  com¬ 
plex  mixtures  including  diesei  exhausts.  Mutot.  Res..  91,  103-105. 

17.  McCoy  .E.C.,  RosenkranzX.S.  and  Mermeistein.R.  (1981),  Evidence 
for  the  existence  of  a  family  of  bacterial  nitroreductases  capable  ot'  activating 
nitrated  poiycydics  to  mutagens.  Environ.  Mutagenesis.  3.  421-127. 

18.  Howard.P.C.  and  Befcnd.F.A.  (1982),  Xanthine  oxidase  catalyzed 
binding  of  l-nkropyrene  to  DNA.  Biochem.  Biophys.  Res.  Common. .  104. 
727*732. 

19.  Howard,P.C,  Hetlkh.R.H..  Evans.F.E.  and  Beland.F.A.  (1962). 
DNA  adducts  formed  in  vitro  and  in  Salmonella  ryphtmurum  upon 
metabolic  reduction  of  the  environmental  mutagen  1-nitropyrene  Cancer 
Res.,  in  press. 

20.  Oldham J.W.,  Kadkibar.F.F.  and  Milo.C.E  (198 IX  Effect  of  pH  on 
the  neoplastic  transformation  of  normal  human  skin  fibroblasts  by 
N-hydroxy-l-naphthylamine  and  N-hydroxy-2-naphthylamine.  Cat vino- 
genesis,  2,  937-940. 

21.  Riegrter.O..  McMichaeLT..  Bemo.J.  and  Milo.G.E.  (1976).  Processing 
of  human  tissue  to  establish  primary  cultures  in  vitro.  Tissue  Culture  Assoc. 
Lab.  Manual,  2.  273-276. 

22.  Milo.G.E.  and  DiPaoloJ.A.  (1978),  Neoplastic  transformation  of 
human  diploid  cells  in  v or o  alter  chemical  carcinogen  treatment.  Mature.  275. 
130-132. 

23.  Milo.G.E.,  OldhamJ.W.,  Zimmerman.  R.J..  Hatch.G.G.  and 
Wcsbrode.SA.  (1981).  Characterization  of  human  cells  transformed  by 
chemical  and  physical  carcinogens  in  vitro.  In  Vitro.  17.  719-729. 

24.  Milo.G.E.  and  DiPaoioJA.  (1980).  Presotsitizabon  of  human  cells 
with  extrinsic  sigma  to  induce  chemical  carcinogenesis.  Int.  J.  Cancer.  26 
805-812. 

25.  Zimmerman.RJ.  and  LitifcJ.B.  (1982),  Starvation  for  arginine  and 
glutamine  sensitizes  human  diploid  cells  to  the  transforming  effect  of 
N-aoetoxy-2-aceryhnunorTuorene.  Carcmogenesd,  2,  1303-1310. 

26.  M9o.G.E.,  CXsen.R.G.,  Weubrode^.E.  and  McCotkeyJA.  (1980). 
Feline  wicoma  virus  induced  in  vitro  progression  from  premaiignam  to 
neoplanc  transformation  of  human  diploid  ceils.  In  Vitro,  16,  813-822. 

27.  DonahoeJ..  Noyes  J.,  Milo.G.E.  and  Weisbrode.S.E.  (1982),  A  com¬ 
parison  of  expression  of  neoplastic  potential  of  carcinogen -transformed 
human  fbroblua  in  nude  mice  and  chick  embryonc  skin.  In  Vitro,  16. 
42*434. 

28.  Tejvwni.R.,  Whiak.D.T..  Inbasekanui.M.N.,  Cazer.F.D.  and 
Milo.G.E.  (1981),  Characteristics  of  benzo(alpyrene  and  A-ring  reduced 
7.12-dimethyberu(a}anthracenc  induced  neoplastic  transformation  of  human 
cells  in  vitro,  Cancer  Lea.,  U.  119-127. 

29.  Spector.T.  (1977),  Inhfcibon  of  urate  production  by  allopunnoi. 
Biochem.  Pharmacol..  26,  355-358. 

30.  ColeJ..  Arlett.C.F..  LovwJ.  and  Bridges,B.A  (1982),  The  mutagenic 
potency  of  1.8-dinitropyrene  in  cultured  mouse  lymphoma  cells,  Mutot.  Res.. 
93,  213-220. 

31.  NakayuuiM..  Sakamoto,  H..  WakabayashiJC..  TeradaX.. 
SugimuraX  and  Rosenkranz.H.S.  (1962).  Potent  mutagenic  activity  of  moo- 
pyrenes  on  Chinese  hamster  lung  cells  with  diphtheria  toxin  resistance  as  a 
selective  marker,  CancmogenBa.  3.  917-922. 

32.  Wicox.P.  and  Parry JaM.  (1981),  The  genetic  activity  of  dimtropyrenes 
in  yeast:  unusual  dose  response  curves  for  induced  mitotic  gene  conversion. 
Carcinogenesis.  2.  1201-1205. 

33.  NachtmanJ.P.  and  Wotff,S.  (1982),  Activity  of  mtro-potynuckar 
aromatic  hydrocarbons  in  the  sister  chromatid  exchange  assay  with  and 
without  metabolic  activation,  Enveon.  Mutagenesis,  4,  I  -5. 

34.  Campbell  J..  CnimpUn.G.C..  Gamer  J.V.,  Gamer.R.G.  Manin.C.N. 
and  Rutter  A-  (1961),  Nitrated  polycyclic  aromatic  hydrocarbons:  potent 
bacterial  mutagens  and  stimulators  of  DNA  repair  synthesis  in  cultured 
human  cells,  Carcinogenesis.  2,  599-565. 

35.  OhgaJd.H..  Matsukura.N.,  Merino. K..  Kawachi.T.,  SugimuraX. 
Morita.K..  Tokiwa.H.  and  Hroca.T.  (1962).  Carcinogen icicy  in  rau  of  the 
mutagenic  compounds  l-nitropyrene  and  3-nitrofiuonuuhene,  Cancer  Lea., 
IS,  1-7. 


355 


M 


£ 


A 

*7 


13 


IN  VITRO  TRANSFORMATION  OF  HUMAN  CELLS: 
MODULATION  OF  EARLY  GENE  EXPRESSION 
PRECEDING  CARCINOGEN-INDUCED  EVENTS 


George  E.  Milo 


Department  of  Physiological  Chemistry  and 
Comprehensive  Cancer  Center 
The  Ohio  State  University 
Columbus,  Ohio 


X. 

XI. 


III. 

IV. 

V. 


Introduction  431 
Methods  of  Procedure  433 
A.  Cell  Cultures  433 

0.  Preparation  of  Cells  for  Gi  Block  433 

C.  Chemical  Preparation  434 

D.  Transformation  Regimen  434 

E.  Anchorage-Independent  Growth  435 
S’.  Assay  for  Neoplasia  435 

G.  Calmodulin  Localization  435 

Results  439 

Discussion  444 

Summary  447 

References  448 


I.  INTRODUCTION 


Many  investigators  have  reported  on  the  transformation  of 
human  cells  in  vitro  by  different  types  of  carcinogenic  insults 
(Milo  and  DiPaolo,  1973;  Kakunaga,  1978,  Zimmerman  and  Little, 
1981;  Namba,  1982;  Maher  et  al.,  1982).  Many  of  these  inves¬ 
tigators  have  treated  the  cells  when  they  were  proliferating 
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in  a  logarithmic  stage  of  growth  (Silinskas  et  al. ,  1981; 
Sutherland  et  al . ,  1981;  Namba,  1982).  However  Zimmerman  and 
Little  (1981),  Borek  (1980),  Greiner  et  al.,  (1981),  and  Milo 
and  DiPaolo  (1978,  1980) ,  using  either  an  amino  acid-deficient 
growth  medium  or  a  small  amount  of  fetal  bovine  serun- 
supplemented  growth  medium,  blocked  the  cells  in  a  stage  of 
the  cell  cycle,  released  the  cells  from  the  block,  and  treated 
the  cells  with  a  carcinogen  as  they  exhibited  S-phase  entry. 

Data  from  Milo  and  DiPaolo  (1980)  suggest  to  us  that  cells 
released  from  G^  block  and  treated  in  (4.5  h)  or  M  (1.5  h) 
were  not  transformed  by  the  carcinogen.  Moreover,  there  is  a 
period  in  early  G^  that  the  cells  are  refractory  (will  not 
respond  to  the  carcinogenic  insult) .  The  movement  of  cells 
from  G^  block  in  the  cell  cycle  following  release  from  the 
block  into  S  phase  was  determined  to  be  10  h  in  length.  The 
intracellular  localization  of  a  cell  cycle-regulatory  protein, 
calmodulin  (Yasuhanu  and  Hidaka,  1982;  Cheung,  1982),  was  fol¬ 
lowed  by  indirect  immunofluorescence,  over  the  time  of  re¬ 
lease  of  the  cells  from  the  G^  block  into  S.  For  a  2-h  period 
of  time  prior  to  release  of  the  cells  from  the  G^  block  and  4  h 
into  S,  the  cells  were  treated  every  hour  for  1  h  with  methyl- 
azoxymethanol  acetate  (MAMA) .  This  carcinogen  treatment  dur¬ 
ing  a  16-h  time  span  was  followed  in  order  to  discern  whether 
a  programmed  release  of  the  cells  from  G^  block  would  alter  the 
extent  of  carcinogenic  response  to  the  treatment  as  measured  by 
the  expression  of  anchorage-independent  growth  of  carcinogen- 
treated  cells. 
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II.  METHODS  OF  PROCEDURE 

A.  Cell  Cultures 

Neonatal  human  foreskin  fibroblast  cell  populations  (HNF) 
were  seeded  into  25-cm^  flasks  and  produced  confluent  mono- 
layers  in  48  h  (Riegner  et  al.,  1976).  The  cells  were  serially 
passaged  and  the  incremental  radiolabeling  index  determined  as 
a  measure  of  the  growth  phase  (Cristofalo  and  Sharf,  1973). 

The  cultures  were  maintained  in  complete  growth  medium  com¬ 
posed  of  Eagle's  minimum  essential  medium  (MEM)  supplemented 
with  nonessential  amino  acids,  sodium  pyruvate,  gentocin,  glu¬ 
tamine,  25  mtf  Hepes  at  pH  7.2  (Milo  and  DiPaolo,  1980),  and 
10%  fetal  bovine  serum.  The  routine  serial  passaging  of  the 
cells  at  1:4  split  ratios  was  done  in  the  aforementioned  com¬ 
plete  growth  medium  (CM) . 

B.  Preparation  of  Cells  for  G^  Block 

To  arrest  the  cell  population  in  the  late  G^  phase  of  the 
cell  cycle  10  h  prior  to  S  phase,  the  logarithmically  growing 
cell  population  at  70%  confluent  density  was  transferred  by 
seeding  the  cells  into  a  modified  Dulbecco's  minimum  essential 
medium  (DM)  deficient  in  arginine  and  glutamine  for  24  h. 
Dialyzed  fetal  bovine  serum  (d-FBS)  was  prepared  by  dialysis 
against  DM  deficient  in  arginine  and  glutamine.  DM  Was  sup- 
plemented  with  10%  d-FBS  over  the  24-h  period  in  Gy  Sister 
cultures  were  prepared  for  each  time  point,  and  one  culture 
was  treated  with  [methyl -^H] thymidine  (60  Ci/mmol)  at  1.0  pCi/ml 
Samples  were  taken  every  hour  from  the  time  the  cultures  went 
into  the  block  until  midway  into  S  period  38  h  later.  The 
other  sister  culture  was  treated  with  the  carcinogen  in  the  G^ 
block,  at  time  of  release  from  the  block,  and  midway  into  S 
period.  All  of  the  cultures  were  incubated  in  a  4%  carbon 
dioxide-enriched  air  atmosphere  at  37°C. 
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C.  Chemical  Preparation 

The  chemicals  of  interest--insulin  (IN  at  0.5  U/ml)  methyl 
azoxymethanol  acetate  (MAMA),  7  8,8a-dihydroxy-9a,  lOct-epoxy- 
7,8,9, 10-tetrahydrobenzo [a]pyrene  (BPDE  I),  N-methyl-W-nitro- 
N-nitrosoguanidine  (MNNG) ,  and  benzamide  (BZ) — were  solvated  in 
either  ethanol  or  acetone  (Milo  et  al.,  1981)  and  used  imme¬ 
diately.  MAMA  (3.6  ug/ml),  MNNG  (0.5  ug/ml),  or  BPDE  I 
(0.114  \iH)  were  added  to  the  cultures  at  the  time  the  cells 
were  released  from  the  block.  In  addition,  MNNG  (Milo  and 
DiPaolo,  1980)  and  BPDE  I  (Tejwani  et  al.,  1982)  were  added 
when  the  cells  were  in  S. 

Finally,  MAMA  was  added  at  each  hour  for  1  h  of  treatment 
from  2  h  prior  to  the  release  point  until  the  cells  were  4  h 
into  S.  Benzamide  was  added  at  1  m M  final  concentration  at 
the  cell  block  period  after  release  from  the  block,  removed 
at  S-phase  entry,  and  then  added  again  in  a  sister  culture  at 
S-phase  entry. 

D.  Transformation  Regimen 

Proliferating  cell  populations  at  a  cell  density  of  5000 
cells/cm^  were  transferred  from  CM  to  DM  minus  arginine  and 
glutamine  and  blocked  in  G^  (Milo  and  DiPaolo,  1980;  Zimmerman 
and  Little,  1981) .  The  cells  were  released  frcm  the  block  by 
removal  of  DM  medium  and  re addition  of  CM  (plus  deficient  amino 
acids)  with  and  without  IN,  and  10  h  later  the  cells  exhibited 
S-phase  entry.  Treatment  with  the  carcinogen  was  carried  out 
as  described  previously.  The  treated  populations  were  serially 
passaged  (Milo  and  DiPaolo,  1978;  Zimmerman  and  Little,  1980; 
Silinskas  et  al . ,  1981)  into  CM  containing  8x  nonessential  ami¬ 
no  acids  and  2x  vitamins  for  20  PDL,  and  at  this  time  the 
treated  cells  were  seeded  into  a  semisolid  medium  to  measure 
anchorage-independent  growth  (0.33%  agar). 
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E.  Anchorage-Independent  Growth 

The  treated  populations  were  serially  passaged  into  2  ml 
of  soft  agar  (0.33%)  containing  Dulbecco's  modified  lo-Cal 
medium  (Biolabs,  Northbrook,  Illinois)  supplemented  with  20% 

FBS  (Milo  et  al. ,  1981)  over  a  5-ml  2%  agar  base  containing 
McCoy's  5A  supplemented  as  described  previously  (Milo  et  al . , 
1981)  with  20%  FBS. 

The  treated  cultures  were  kept  at  a  high  humidity  in  a 
4%  carbon  dioxide-enriched  atmosphere  at  37°c.  After  21  days, 
colonies  that  contained  250  cells/ colony  were  scored  as  posi¬ 
tive  . 

F.  Assay  for  Neoplasia 

After  counting  the  colonies  in  soft  agar  they  were  re¬ 
moved,  pooled,  dispersed  into  single-cell  suspensions,  and 
2 

seeded  into  25-an  flasks  containing  2  ml  of  CM  supplemented 
with  growth  additive  and  10%  FBS.  These  transformed  populations 
were  evaluated  for  their  neoplastic  potential  in  nude  mice 
(Donahoe  et  al.,  1982).  The  nude  mice  were  irradiated  with 
450  rads  (from  a  ^7Cs  source)  prior  to  the  injection  of  the 
transformed  cells.  After  6  weeks,  tumors  were  counted  and  ex¬ 
cised  for  histopathological  evaluation. 

G.  Calmodulin  Localization 

2 

Cells  seeded  at  M.0, 000  cells/an  were  fixed  in  3%  phosphate 
buffer  formalin  at  pH  7.2  for  30  min.  The  slides  were  then 
postfixed  in  methanol  at  20°C  for  10  min,  rinsed  with  PBS,  and 
indubated  1  h  at  37°C  with  the  primary  antibody  toward  calmodu¬ 
lin.  This  antibody  was  prepared  against  rat  testis  calmodulin 
protein  in  sheep.  After  rinsing  the  fixed  cultures  extensively 
with  PBS,  the  secondary  reagent,  FITC-conjugated  rabbit  anti- 
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Time  (hr) 


Fig.  1.  Graphic  representation  of  behavior  of  cells 
leaving  the  block  (R)  Gj_  traversing  to  S.  6  represents  point 
when  proliferating  cells  in  log  growth  are  fed  with  DM  minus 
arginine,  glutamine,  and  d-FBS.  R  is  the  point  in  time  (h) 
when  the  cells  are  released  from  the  Gi  block  and  the  incre¬ 
mental  part  of  the  cell  population  proceeds  toward  S  phase  of 
the  cell  cycle.  This  population  contains  the  maximum  number 
of  cells  that  exhibit  positively  fluorescing  antisera  against 
calmodulin  localized  in  the  nucleus  at  this  time  point.  From 
R  to  the  time  the  population  exhibits  S-phase  entry  ( [methyl - 
^thymidine  radiolabel  nuclei),  there  is  no  further  increase 
in  nuclei  that  fluoresce  positive  for  the  presence  of  calmodu¬ 
lin.  S  represents  the  point  when  the  cell  population  enters 
S  phase  of  the  cell  cycle.  The  period  R  to  S  will  be  desig¬ 
nated  as  S-phase  entry  time,  and  8  to  R  will  be  designated  as 
G1  transient  period  or  late  G]_  period. 


sheep  IgG,  was  incubated  with  the  cells  for  1  h  at  37°C.  Again 
the  slides  were  washed  with  PBS  and  examined  under  a  Zeiss  epi- 
fluore scent  microscope  with  485-nm  exciter  filters  and  520-  to 
560-nm  barrier  filters  (Dedman  et  ad.,  1978;  Markle  et  al . , 
1981) . 
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XIX.  RESULTS 


Proliferating  populations  radiolabeled  with  [roethyl-^H]- 
thymidine  exhibited  an  incremental  radiolabeling  index  from 
22  to  24%  (Fig.  1) .  When  the  CM  medium  over  these  populations 
was  replaced  with  DM  (point  8,  Fig.  1),  the  radiolabeling  index 
(Cristofalo  and  Sharf,  1973)  dropped  to  <0.1%.  At  point  R 
(Fig.  1),  the  EM  medium  was  replaced  with  CM  (Milo  et  al . , 

1981) ,  and  IN  was  added  to  the  CM.  After  10  h  the  untreated 
and  treated  cells  exhibited  S-phase  entry  (Milo  and  DiPaolo, 
1980) .  Calmodulin,  a  cell-regulatory  protein  (Cheung,  1982) 
associated  with  cell  proliferation,  localizes  in  the  nucleus 
before  the  cells  enter  S.  The  protein  can  be  located  intra- 
cellularly  by  indirect  immunofluorescence,  and  following  re¬ 
lease  of  the  cells  from  the  block  2  h  later  fluorescence 
staining  properties  for  calmodulin  were  observed  in  the  cyto¬ 
plasm  of  the  cells  (Fig.  2A) .  Four  hours  later,  the  nuclei 
fluoresced  positive  for  the  presence  of  the  protein  (Fig.  2B) . 
Six  hours  after  release  from  the  block  the  maximum  number  of 
positive  fluorescing  calmodulin  nuclei  were  observed.  No 
further  increases  in  the  number  of  positive  fluorescing  calmo¬ 
dulin  nuclei  (Table  I)  were  found  after  the  6-h  lapse  of  time. 
We  followed  these  events  to  S-phase  entry,  (G^0  11  h) .  Con¬ 
comitantly  we  examined  the  radiolabeling  index  over  this  same 
time  period.  At  G^  ^  the  radiolabeling  index  was  £0.1%.  At 

G.  ^  the  incremental  radiolabeling  index  increased  from 
13-14 

<0.1  to  3%,  and  at  S  the  1-hr  A  radiolabeling  index  was 

28%  for  XN-treated  cells. 

Treatment  of  the  sister  cell  populations  with  the  carcino- 
gens  MNNG,  BPDE  I,  and  MAMA  was  initiated  at  Gx  and  S 
following  release  of  the  cells  from  the  block  (Point  R,  Fig.  3) 
Transformation  was  measured  after  20  population  doublings  by 
the  ability  of  the  treated  cells  to  grow  in  soft  agar  (as 
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TABLE  I.  The  number  of  Calmodulin-Positive  Fluorescing 
Nuclei  Followed  as  a  Function  of  Time  of 
Release  from  the  Block 


%  Calmodulin  Fluorescing  Nuclei3 

-INC 

+  INC 

t-t  b 

Time  in  G^  ^ 

0 

0 

‘x0-1 

1 

2 

25 

50 

=16 

30 

52 

=x8-9 

31 

51 

-  9-10 

G1 

33 

50 

G,10'11 

1 

aThe  number  of  calmodulin-positive  fluorescing  nuclei/ 
number  of  nonfluorescing  nuclei  * 100  expressed  as  a  per¬ 
centage. 

°The  notation  G±  to  Gj1  refers  to  the  Gj  part 
of  the  cell  cycle,  and  t-tj  was  used  to  describe  the  begin¬ 
ning  and  end  of  the  sampling  time  in  hours  following  re¬ 
lease  from  the  block  at  point  R  (Fig.  1) . 

C-IN,  Cultures  released  from  the  block  receiving  no 
insulin  treatment ;  +IH ,  sister  cultures  receiving  insulin 
treatment.  These  values  are  mean  values  for  three  readings. 


described  herein) .  The  number  of  colonies  observed  from 
treated  populations  treated  with  MNNG,  BPDE  I,  and  MAMA  was 
zero  (undetectable).  At  point  G^-7,  when  the  optimum  number 
of  calmodulin-positive  nuclei  were  observed  (Table  1) ,  the  in¬ 
cidence  of  anchorage -independent  growth  of  these  carcinogen- 
treated  cells  was  18  t  3.0  for  MAMA-treated  cells,  0.0  for 
t*ING-treated  cells  (undetected),  and  0.0  for  BPDE-I-treated 
cells  (undetected) .  When  the  populations  were  treated  with  the 
carcinogen  at  S-phase  entry  (G^  +  S10  11 )  with  either  BPDE  I  or 
t®lNG,  the  colony-formirvg  incidence  of  these  treated  cells  in 
soft  agar  was  26  colonies/10^  BPDE  I-treated  cells  (Tejwani  et 
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Pig.  3.  The  percentage  of  radiolabeled  nuclei  (%  RLN)  was 
plotted  as  a  function  of  time  following  release  from  the  cell 
cycle  block  at  24  h.  The  sections  were  divided  into  6-h  and 
4-h  periods.  Six  hours  after  release  from  the  block  at  R'  the 
maximum  number  of  calmodulin-positive  fluorescing  nuclei  was  de¬ 
termined.  The  carcinogen  treatment  period  was  for  1  h  in  length 
from  R'  to  S,  6-18  h  after  R  (4  h  into  S) .  The  number  of 
colonies  per  50,000  cells  seeded  into  soft  agar  (S.A. )  was 
plotted  as  a  function  of  the  length  of  treatment  (1  h)  at  vari¬ 
ous  time  points,  30-38  h.  These  are  mean  values  for  three 
wells  (see  footnotes  to  Table  II}.  The  data  presented  here 
represent  a  combination  of  data  from  Table  II  and  Fig.  1. 


al.,  1982)  and  2.0  colonies/105  MNNG-treated  cells  (Milo  et  al., 
1981) .  When  MAMA  was  used  to  treat  populations  at  S-phase  entry 
for  12  h  we  observed  700  colonies/105  cells  (Kuhn  et  al.,  1982). 

We  therefore  decided  to  titrate  sister  populations  (Table 
II)  with  MAMA  from  G^0  1  through  to  S13  14 .  We  treated  the 
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TABLE  II.  Comparison  of  Treatment  Time  Following  Release 
from  Gj_  Block  (Hour  R)  into  S  Phase  of  the  Cell 
Cycle  with  Number  of  Colonies  that  Exhibit 
Anchorage-Independent  Growth 


Number  of  colonies  expressing 
anchorage-independent  growth3 

-IN* 

+INC 

Time  G^"*1  +  St-tld 

0 

0 

=,0-1 

0 

0 

h3'4 

1.4  ±  1.5 

18  ± 

3.0 

h6” 

1.4  ±  1.5 

15  ± 

2.3 

=17-9 

1.4  ±  1.5 

30  ± 

17.0 

h9-5 

20.3  ±  9.2 

+1 

IT) 

3.1 

„  9-10 

G1 

12.3  ±  0.6 

36  ± 

2.5 

Gl  4  S10'11 

10.3  ±  3.5 

150  ± 

27.0 

sn-i2 

9.5  ±  3.0 

271  ± 

15.7 

s!2-13 

8.0  ±  0.0 

65  ± 

4.0 

s13'14 

aTreated  cells  (50,000)  at  20  POL  were  seeded  into  2  ml 
of  0.33 %  agar  overlager  over  5  ml  of  2.0%.  The  growth  medium 
in  the  agar  overlager  was  Dulbecco's  lo-Cal  medium  (Milo  et 
al.,  1981)  over  McCog's  5 A  in  the  2.0%  base;  each  contained 
supplements  and  FBS  as  described  in  Section  II.  Untreated  cells 
seeded  in  the  same  manner  yielded  no  colonies  from  10 3  cells. 

b The  cells  were  released  from  the  G±  block,  and  no  IN  was 
added  prior  to  administration  of  the  carcinogen  MAMA. 

cThe  cells  were  released  from  the  block  and  IN  added  prior 
to  the  administration  of  the  carcinogen.  The  values  reported 
here  are  mean  values  for  three  wells  ±  1  standard  deviation. 

d The  designation  G^t-tj  +  was  used  to  describe  the 

phase  of  the  cell  cycle  such  as  Gj  or  S,  and  the  superscript 
t-ti  is  the  beginning  and  end  of  the  treatment  time  with  car¬ 
cinogen  during  that  phase  of  the  cell  cycle.  For  example,  G±0~3 
is  the  time  in  Gi  when  the  cells  were  released  from  the  block 
and  were  treated  for  1  h.  At  this  time  the  1-h  &  radiolabeling 
index,  using  [methgl-^n] thymidine  (Milo  and  DiPaolo,  1980),  was 
<0.01%.  At  the  time  of  treatment,  S13~14,  the  incremental  ra¬ 
diolabeling  index  was  22%  for  -IN  carcinogen- treated  cultures 
and  28%  for  +IN  treated  cultures. 
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cells  from  the  time  of  release,  G.°  1  for  1  h  duration  at  each 
13-14  1 

hour  up  to  S  ,  that  is,  13-14  h  after  release  from  Gx 

(point  R,  Fig.  1  or  Fig.  3).  Over  this  time  period  we  found 

that  -IN  +  MAMA-treated  cells  did  not  exhibit  an  increase  in 

colony  formation  in  soft  agar  for  G^  ^-treated  populations 

over  the  G. ^  ^  period;  that  is,  no  colonies  were  found  in  soft 
x  12-13 

agar.  Later,  at  S  time  period  there  was  an  increase  in 

colony  formation  to  9.5  ±  3.0  colonies  per  50,000  seeded  cells. 

Insulin  pretreatment  of  cells  to  be  treated  with  MAMA  at  time 
12-13 

point  S  resulted  in  the  formation  of  271  ±15.7  colonies 

per  50,000  seeded  cells  (Table  II).  The  1-hr  A  radiolabeling 

index  at  this  time  point  was  28%  (see  footnotes  to  Table  II). 
13-14 

At  S  treatment  period  there  was  a  substantial  decrease 

from  271  ±  15.7  colonies  to  65  ±  4.0  colonies.  However,  the 
1-h  incremental  radiolabeling  index  increased  to  75%.  We  did 
not  at  this  time  carry  the  experiments  beyond  this  point. 

Previous  experiments  (Milo  et  al.,  1981),  with  treatments 
in  the  later  part  of  S  with  MAMA,  MNNG,  or  BPDE  I,  prove  that 
the  treated  cells  in  this  time  period  were  less  responsive  to 
the  carcinogenic  insult;  that  is,  the  treated  cells  did  not 
exhibit  ancho rage -independent  growth.  The  relationship  between 
the  release  of  the  cells  frcm  the  blocks  and  treatment  regimen 
with  MAMA  presented  in  Fig.  3  illustrates  the  profile  of  colony 
formation  versus  treatment  time  (Table  II)  over  a  14-h  treat¬ 
ment  period  of  time.  Table  II  is  a  graphic  representation  of 
the  treatment  regimen  from  point  R  through  to  midway  into  S. 
Furthermore,  data  not  presented  here  have  revealed  that  the 
carcinogenic  response  can  be  interfered  with  following  the  car¬ 
cinogen  treatment  with  BZ.  Benzamide  at  1  mM,  added  to  the 
cells  at  point  R  and  removed  at  S  (Fig.  3) ,  reduced  the  number 
of  colonies  formed  to  67%  of  non-BZ-treated  MAMA-treated  cells, 
when  BZ  was  added  at  point  G^  +  s10-11  and  removed  at  S14  (i.e. 
4  h  later  into  S) ,  it  reduced  the  MAMA-induced  colony-forming 
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3  5 

frequency  in  soft  agar  from  10  colonies/10  seeded  cells  to 
<2  colonies/105  cells  (Km  and  Milo,  1982).  The  1-h  A  radio¬ 
labeling  index  of  8Z  carcinogen-treated  cells  over  the  treat¬ 
ment  time  was  not  altered  when  compared  to  the  sister  MAMA- 
treated  cultures  containing  no  BZ.  There  was  no  apparent  cy¬ 
totoxicity  exhibited  by  the  1  m M  BZ-treated  cultures  or  change 
in  finite  population  doublings  of  these  BZ-treated  cells 
(35  ±  5  population  doublings) .  BZ-treated  cell  populations 
would  not  grow  in  soft  agar.  Injection  of  the  MAMA-transformed 
cells  into  a  nude  mouse  yielded  a  tumor  that  was  excised  from 
the  mouse  and  evaluated  as  an  undifferentiated  mesenchymal  tu¬ 
mor.  The  frequency  of  tumor  formation  was  two  tumors  per 
16  mice  that  receive  the  injection  (Donahoe  et  al.,  1982). 


IV.  DISCUSS ION 


The  transformation  of  human  foreskin  fibroblasts  by  car¬ 
cinogen  insults  appears  to  be  an  operational  phenomenon  that 
is  logistically  reproducible.  There  are  several  reports  in 
the  literature  that  randomly  proliferating  cell  populations 
can  be  transformed  following  carcinogen  administration 
(Kakunaga,  1978,  Sutherland,  1981,  Maher  et  al . ,  1982;  Namba, 
1982).  There  are  reports  also  by  other  investigators  that 
blocking  human  diploid  cell  populations  in  G1  by  specific  ami¬ 
no  acid  deprivation  (Milo  and  DiPaolo,  1978,  1980;  Zimmerman 
and  Little,  1981;  Greiner  et  al.,  1981)  or  by  reducing  the  fe¬ 
tal  bovine  serum  requirement  (Borek,  1980)  followed  by  the  ad¬ 
dition  of  modulators  (compounds  that  modify  intracellular  bio¬ 
chemical  events  without  damage  to  the  DNA) ,  enhances  the  car¬ 
cinogenic  response.  The  heightened  response  to  the  carcinogen 
treatment  of  the  cells  following  treatment  with  the  modulators 
such  as  IN  during  the  late  G^  phase  of  the  cell  cycle  and  into 
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S  permits  us  to  probe  the  system  with  the  carcinogen  to  identi¬ 
fy  the  time  of  optimum  response  to  the  carcinogen.  Maher  et 
al.  (1982)  have  found,  using  6-thioguanine  mutagenic  selection 
procedures,  that  the  slope  changes  immediately  prior  to  S-phase 
entry,  and  there  appears  to  be  a  correlation  between  the  number 
of  mutants  observed  at  this  time  and  the  number  of  transfor¬ 
mants  (express  anchorage-independent  growth) . 

We  (Tejwani  et  al.,  1982)  completed  carcinogen-DNA  adduct 
studies  on  cell  populations  that  will  either  respond  to  the  car 
cinogenic  insult  and  will  exhibit  anchorage -independent  growth 
(responsive)  or  will  not  exhibit  anchorage-independent  growth 
(refractory) .  We  found,  in  responsive  cells  treated  with 
BPDE  I  in  early  S,  the  period  of  heightened  responsiveness  to 
carcinogen  insult,  that  the  carcinogen-dG  adduct  formation  com¬ 
pared  to  refractory  treated  populations  was  quite  similar. 
Furthermore,  the  persistence  of  adducts  in  the  refractory  or 
responsive  carcinogen-treated  cells  over  a  24-h  period  did  not 
appear  to  be  a  logical  mechanism  to  explain  why  we  observe  the 
differences  in  formation  of  colonies  in  soft  agar,  for  BP-DNA 
binding  did  not  change  in  either  treated  cell  population  over 
this  time  period.  Moreover,  Zimmerman  and  Little  (1981)  sug¬ 
gest  that  specific  amino  acid  deprivation  may  contribute  to 
heighten  response  to  the  carcinogen  treatment.  This  may  indeed 
occur;  however,  responsive  or  refractory  cells,  both  those 
blocked  in  by  amino  acid  deprivation  and  those  released  from 
the  block  in  G^,  show  no  statistical  significant  differences  in 
binding  of  the  radiolabel  carcinogen  to  the  DNA. 

Maher  et  al.  (1982)  have  shown  that  there  is  a  dose- 
dependent  mutagenic  response  to  UV  light  (254  nm)  when  cells 
were  treated  in  late  G^  3  h  prior  to  onset  of  S  and  these 
treated  cell  populations  were  examined  for  their  capability  to 
grow  in  soft  agar.  It  is  interesting  to  note  that  the  cells  we 
have  treated  with  MAMA  at  10  h  prior  to  onset  of  DNA  synthesis 
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exhibit  anchorage-independent  growth,  whereas  MNNG  and  BPDE  I 
treated  cells  do  not  exhibit  this  characteristic.  In  all 
three  treatments  with  BPDE  I,  MNNG,  and  MAMA,  the  time  of  opti¬ 
mum  responsiveness  to  the  carcinogenic  insult  appears  to  be 
2-3  h  into  S.  This  response  appears  to  be  wiped  out  by  BZ 
treatment,  lowering  the  expression  of  anchorage-independent 
growth  from  'V700  colonies/10^  treated  cells  seeded  in  soft 
agar  to  <2  colonies/10 ^  cells.  Furthermore,  we  (Kuhn  et  al . , 
1982)  have  found  that  BZ  ameloriates  the  poly (ADP) ribosylase- 
phosphorylated  modification  of  acidic  nuclear  proteins  of  re¬ 
sponsive  cells. 

We  suspect  that  a  ccmplex  series  of  events  occurs  in  a 
programmed  manner  as  a  function  of  time  from  the  time  of  adding 
a  modulator  through  to  the  expression  of  the  early  carcinogenic 
events.  If,  for  example,  one  of  these  events  is  modified  by 
the  administration  of  BZ  while  ENA  damage,  persistence  of  ad¬ 
ducts,  and  repair  of  damage  is  in  process,  the  cell  responds 
to  the  insult  as  a  reversible  or  irreversible  toxic  event.  We 
propose  that  modification  of  nuclear  protein  covering  the  car¬ 
cinogenic  site  sets  in  motion  events  leading  to  the  expression 
of  a  carcinogenic  response  (precancerous  state) ,  followed  by  an 
expression  of  anchorage-independent  growth  and  neoplastic  po¬ 
tential.  This  of  course  presupposes  that  the  correct  genetic 
damage  (carcinogen-DNA  adduct)  was  formed,  and  "error-prone 
repair"  is  functional  in  S  followed  by  chromosomal  transposi¬ 
tion  (Klein,  1981).  In  any  event,  calmodulin,  a  cell-regulatory 
protein  in  this  system,  apparently  is  active  in  the  nucleus,  is 
expressed  early  in  late  G^  prior  to  the  onset  of  scheduled  DNA 
synthesis,  and  prefaces  any  subsequent  event  leading  to  cellu¬ 
lar  proliferation  and  fixation  of  the  genetic  damage  in  expres¬ 
sion  of  a  carcinogenic  event. 
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V.  SUMMARY 


Human  foreskin  fibroblast  populations  blocked  in  G^,  re¬ 
leased,  and  treated  with  methylazoxymethanol  acetate  (MAMA) 
frccn  the  time  of  release  (late  G^)  for  1-h  treatment  intervals 
until  4  h  into  S,  exhibited  a  differential  sensitivity  to  MAMA 
treatment  at  the  different  treatment  times.  A  heightened  re¬ 
sponse  to  the  carcinogen  treatment  was  not  detected  until  cal¬ 
modulin,  a  cell-regulatory  protein,  was  optimally  present  in 
the  nuclei  of  the  late  G^-treated  cells  6  h  after  release  from 
the  G^  block.  Moreover,  there  was  a  distinct  increase  in  the 
number  of  transformed  phenotypes  (cells  that  will  grow  in  soft 
agar) ,  observed  when  the  cells  were  treated  with  MAMA  at  the 
onset  of  scheduled  DNA  synthesis.  The  time  at  which  these 
treated  cells  were  optimally  responsive  to  a  carcinogenic  in¬ 
sult  was  12-13  h  after  release  from  the  block  2-3  h  into  S. 
Interestingly,  this  was  followed  by  a  decrease  in  the  expres¬ 
sion  of  anchorage-independent  growth  when  the  cells  were 
treated  13-14  h  after  release  from  the  block  4  h  into  S.  Ben- 
zamide  interfered  in  the  process  when  added  at  the  onset  of  S, 
and  the  resultant  carcinogen-treated  population  did  not  exhibit 
a  comparable  increase  in  expression  of  anchorage-independent 
growth.  Cells  treated  with  MAMA  at  the  point  of  release  from 
the  block  G^°  1  to  G^  4  did  not  express  anchorage -independent 
growth. 

It  is  proposed  that  the  heightened  presence  of  calmodulin 
in  the  nuclei  4  h  prior  to  the  onset  of  scheduled  DNA  synthesis 
is  a  cell-regulatory  function  that  sets  in  motion  a  complex 
series  of  events  (program)  in  carcinogen-initiated  human  fibro¬ 
blasts  that  leads  to  a  subsequent  carcinogenic  response. 
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ABSTRACT  Human  fibroblasts  were  subjected  to  nutrition¬ 
ally  induced  Gt  block,  followed  by  release  and  subsequent  entry 
into  S  phase,  and  exposed  to  nontoxic  concentrations  of  carcino¬ 
gens  in  early  S  phase.  Cell  transformation  occurred  as  determined 
by  early  morphologic  cell  alterations,  anchorage-independent  col¬ 
ony  formation,  cell  invasiveness,  and  augmentation  of  Ab  376 
human  malignancy-specific  cell -surface  antigenic  determinant. 
Methylaxoxymethanol  acetate  was  the  most  potent  transforming 
agent  at  doses  that  were  negative  in  toxicity  tests.  Benzamide  1 10 
pM  intracellular  concentration),  a  specific  inhibitor  of  polyiADP- 
ribosc)  polymerase,  prevented  transformation  in  a  cel!  cycle-spe¬ 
cific  manner,  maximal  prevention  coinciding  with  early  S  phase, 
also  characteristic  of  maximal  susceptibility  to  transformation. 
Neither  an  interference  of  carcinogen  deoxyguanosine  nucleoside 
adduct  formation  nor  a  chemical  reaction  between  benzamide  and 
carcinogens  was  detected.  Methylazoxymethanol  acetate  at  trans¬ 
forming  but  nontoxic  dose  partially  inhibited  poly(ADP-ribo- 
syOatioa  to  about  the  same  extent  as  benzamide.  However,  si- 
moltaneous  exposure  of  cells  to  both  agents  in  early  S  phase, 
resulting  m  the  prevention  of  transformation,  augmented  potyADP- 
ribasyftatioa  above  the  controls.  Enzymatic  activities  ran  parallel 
with  the  formation  of  DNA-associating  polymer-nonhistone  pro¬ 
tein  adducts  that  are  assumed  to  regulate  the  physiological  func¬ 
tion  of  chromatin  at  the  structural  level 


A  significant  increase  in  poly(ADP-ribosyRation  of  nonhistone 
proteins  was  found  in  an  early  precancerous  state  of  hamster 
uver  ( 1)  and  in  regenerating  rat  liver  (2),  suggesting  that  cellular 
regeneration  may  be  a  common  reason  for  the  accelerated  en¬ 
zymatic  rates.  Cellular  regeneration  is  known  to  augment  the 
number  of  cells  in  $  phase  and  this  has  been  correlated  with  the 
fadbtatioo  of  neoplastic  transformation  in  organs  (3)  and  in  cul¬ 
tured  C3H/10Vj  CLS  mouse  fibroblasts  (4).  Poly(ADP-ribo- 
syRation  also  exhibits  a  cell  cycle-dependent  oscillation,  a  max¬ 
imum  coinciding  with  $  phase  after  a  release  of  C(  block  (5) 
These  observations  tend  to  suggest  an  as  yet  undefined  con¬ 
nection  between  (poly  AD  P-nbosy  Ration,  cell  cycle,  and  neo¬ 
plastic  transformation. 

Ontogenic  development  (6).  the  effect  of  developmental  Hor¬ 
mones  (7-9),  and  differentiation  (10)  also  coincide  with  changes 
in  rates  of  polyfADP-ribosyDation  of  mainly  nonhistone  pro¬ 
teins  (11, 12)  that  are  thought  to  regulate  selective  gene  expres¬ 
sion  (13). 


Identification  of  poly(AOP-ribose)  as  a  unique  nucleic  acid 
(14, 15)  that  is  covalendv  bound  to  presumably  DNA-associated 
proteins  may  provide  a  molecular  model  of  chromatin  regu¬ 
lation.  Ionic  environment-dependent  helical  polymer  chains  of 
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poly(ADP-ribose)  (15)  may  act  as  crosslinking  agents  between 
regulatory  proteins  and.  depending  on  their  nature  and  local¬ 
ization.  could  alter  chromatin  conformations,  expressed  as  kary- 
ological  changes  that  accompany  the  cell  cycle  in  normal  and 
malignant  cells  (16,  17).  The  polyi  A  DP- nbosy  Ration-depen¬ 
dent  variation  in  nucleosomai  structures  ( 18)  tends  to  support 
the  proposed  regulatory  mechanism. 

We  examined  the  possible  participation  of  poly(ADP-ribo- 
syRation  of  chromatin  proteins  in  carcinogen-induced  onco¬ 
genic  transformation  of  synchronized  human  fibroblasts  (19-21). 
This  model  was  chosen  because  we  intended  to  obtain  infor¬ 
mation  that  could  be  relevant  to  human  neoplasia.  If  poly<  ADP* 
ribosyRation  of  certain  chromatin  proteins  in  the  S  phase  plays 
a  role  in  the  regulation  of  carcinogen-induced  oncogenic  trans¬ 
formation,  then  a  selective  inhibitor  of  poMADP-ribose/  poly¬ 
merase.  benzamide  (22).  would  be  expired  to  alter  transfor¬ 
mation.  A  preliminary  report  has  appeared  (23). 

MATERIALS  AND  METHODS 

Cells  and  Culture  Conditions  for  C(  Block/ Release.  Pri¬ 
mary  human  fibroblasts  were  prepared  (24)  and  cultured  as  re¬ 
ported  (25).  These  cells  have  a  finite  replicative  capacity  of  35 
£  7  population  doublings,  which  is  22.4  hr,  plating  efficiency 
between  95  and  100%.  and  relative  colony  (defined  as  50  cells)- 
forming  efficiency  of  20-21%  For  each  series  of  experiments 
the  avenge  yield  of  cells  prior  to  the  soft-agar  growth  test  was 
3  x  10*  £  20%  per  flask  (73  cm2  each)  and  for  biochemical  stud¬ 
ies  the  number  of  cells  was  scaled  up  to  about  20  x  10*  Ci 
block  (26)  was  induced  as  described  (19).  It  is  critical  that  the 
number  of  population  doublings  at  the  initiation  of  Ct  block 
must  not  exceed  5  and  the  doubling  time  23  hr;  otherwise  re¬ 
sistance  to  transformation  by  carcinogens  may  develop  (24)  and 
the  variations  in  poly(  AD  P-ribosy Ration  will  differ  from  results 
reported  here.  In  Gi  block  1 19)  radiolabeling  fell  to  0. 1%  of  con¬ 
trols  within  24  hr.  The  C»  block  was  released  by  refeeding  with 
the  minimal  essential  medium,  which  also  contained  0.5  unit 
of  insulin  per  mi  (see  Fig.  4).  .After  two  washings  with  minimal 
essential  growth  medium,  from  which  bovine  serum  was  de¬ 
leted,  cultures  were  divided  (1:2)  and  culturing  commenced 
after  the  addition  of  2x  concentrated  essential  vitamins,  9x 
concentrated  essential  amino  acids.  0.2%  NaHCOj.  50  fig  of 
gen  tod n  per  ml.  and  20%  fetal  serum  until  confluence  was  ap¬ 
proached  and  serial  passages  were  continued  (1:10)  in  the  en¬ 
riched  minimal  essential  medium  (see  Fig.  4).  Seeding  :4  x  10s 
cells  per  plate)  into  soft  agar  (19)  was  carried  out  after  16-20 
population  doublings. 

Exposure  to  Carcinogens  and  Benzamide.  Exposure  to  car¬ 
cinogens  and  benzamide  was  done  10  hr  after  the  release  of  the 
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metabolicallv  induced  C^/S  block  (Fig.  4)  and  exposure  lasted 
10  hr,  followed  bv  three  washings  and  refeeding  with  fresh  me¬ 
dia  (25). 

Cellular  Toxicity.  Cellular  toxicity,  tested  at  least  at  six  con¬ 
centrations  of  drugs.  was  determined  by  effects  on  cloning  fre¬ 
quency  i,26).  Relative  cloning  frequency  (RCF was  defined  as 
the  ratio  between  cloning  efficiency  of  controls  and  cultures 
exposed  to  drugs,  and  RCF»  was  defined  as  the  concentration 
of  drugs  that  caused  a  50%  decrease  of  cloning  frequency.  Tox¬ 
icity  was  the  same  in  random  and  synchronized  cultures.  The 
time  of  exposure  to  drugs  was  24  hr,  evea  though  in  the  trans¬ 
formation  experiments  (Fig.  4)  this  was  only  10  hr,  providing 
an  extra  margin  of  safety  for  the  determination  of  nontoxic  doses, 
which  were  further  tested  by  the  absence  of  effects  on  plating 
efficiency  and  doubling  time. 

Criteria  for  Phenotypic  Transformation.  In  addition  to  col¬ 
ony  counts  on  soft  agar  (19,  25).  criteria  for  phenotypic  trans¬ 
formation  were  cellular  invasiveness  (27),  determined  in  six 
parallel  tests  per  experiment,  and  the  immunofluorescence  test 
for  human  malignancy -specific  monoclonal  cell-surface  anti¬ 
genic  determinant  Ab  376  (28.  29)  on  cells  obtained  from  soft 
agar  clones  (unpublished  data).  The  tumor  take  in  nude  mice 
(19)  was  identical  with  the  incidence  of  tumor  formation  by  sur¬ 
gically  obtained  human  fibrosarcomas,  cultured  parallel  with 
transformed  fibroblasts,  and  the  low  incidence  (20-30%)  is  prob¬ 
ably  explained  by  genetic  differences  between  the  human  cells 
and  the  host  (30i. 

Biochemical  Procedures.  Biochemical  procedures  related  to 
po!y(ADP-ribose)  were  the  same  as  published  (1,  2,  6.  ii.  12. 
14,  15,  31-33).  Intracellular  benzamide  (uC-labeied)  was  de¬ 
termined  after  removal  of  the  adsorbed  drug,  lysis  in  N’CS  tis¬ 
sue  solubilizer,  methanol  extraction,  and  reversed-phase  chro¬ 
matography  on  a  C is  (Bondpak)  column  with  a  0-60%  methanol/ 
H*0  linear  gradient.  Fibroblasts  were  permeabilized  by  Ivso- 
pbosphatidylchoiine  (34),  which  did  not  interfere  with  enzyme 
assays. 

(l4ClBenzamide(lC)  (4.29MCi/mmol,  3  faCi/ml  of  solution; 
1  Ci  ■  3.7  x  10w  Bo)  was  purchased  from  Pathfinder  Labs, 
St  Louis.  MO.  [  1 . 4-t*C )  Methy lazoxymethanol  acetate  (spe¬ 
cific  activity,  US  mCi/mmoi)  was  kindly  provided  by  F  Cazer 
(Ohio  State  University).  The  monoclonal  antibody  to  Ab  376 
was  a  generous  gift  of  S.  Fenone  and  the  secondary  reagent 
(fluoroisothiocyanate-conjugated  goat  anti-mouse  IgC)  was  pur¬ 
chased  from  Miles. 


Table  l.  Inhibition  by  beozanude  of  carcinogen-induced  cel! 
transformation  as  determined  by  colony  counts  on  soft  agar 


RESULTS 

Prevention  of  Transformation.  Transforming  (RCF  t)  and  toxic 
(35)  (RCF*)  doses  of  methvlazoxytnethanol  acetate  were  7  and 
27  pM,  respectively,  and  for  benzamide  the  doses  were  1  m.VI 
(added  externally  to  cell  cultures)  and  4.73  n.M.  respectively. 
These  values  for  the  carcinogen  or  benzamide  did  not  change 
if  the  two  agents  were  combined,  as  under  conditions  that  pre¬ 
vented  transformation  Identical  toxicity  analyses  were  per¬ 
formed  with  five  additional  carcinogens  (Table  1)  Benzamide 
(added  externally  at  1  mM,  corresponding  to  10  /tM  intracel¬ 
lular  concentration)  counteracted  transformation.  Benzoate  at 
1  mM  had  no  influence  on  the  transformation  nor  did  it  have 
an  effect  of  its  own  on  fibroblasts  (not  shown). 

Evidence  of  Cellular  Transformation.  The  characteristic 
morphology  of  fibroblasts  (Fig.  I,  group  l)  was  markedly  al¬ 
tered  when  cell  cultures  were  exposed  to  RFCt  doses  of  car¬ 
cinogens  after  five  cell  doublings.  Benzamide  in  cell  cultures 
inhibited  this  phenotypic  change  ( Fig.  1.  group  3).  whereas  the 
cell  morphology  shown  in  Fig.  1,  group  1,  remained  unaltered 
by  benzamide  alone.  Cells  shown  in  Fig.  1,  group  3,  have  be¬ 
come  resistant  to  transformation  by  reexposure  to  another  cycle 


Experimental 

conditions 


Methylazoxymethanol 
acetate  (7.0 
-r  Benzamide 
N-MethyUV'-aitro-N- 
nitroeoguamdine 
(0.7  m M) 

Benzamide 

70.8a- Dihydroxy-9o,  10a- 
epoxy-7 ,8,9, 10- 
tetrahydrobenzopyrene 
(0.33  *40 
-  Benzamide 
0-Propiolactone  (28  tiM) 
*  Benzamide 
1,  l -Dimethy  (hydrazine 
(167  mM) 


Transformed 
ceil  colonies, 
no.  per  10*  cells 
758  <  s58) 


3-Hydroxy- 1- 
propaneeuifomc  acid 
y-sul  tone  ( 122  jiM) 
+•  Benzamide 
No  additions 


Both  carcinogens  and  benzamide  were  present  in  RCFi  concentra- 


and  Ct  block/release  and  carcinogen  (in  S  phase)  in  the  absence 
of  a  new  dose  of  benzamide.  and  this  resistance  is  likely  to  be 
due  to  a  modified  genetic  trait  because  residual  benzamide  was 
not  present  after  three  or  four  cell  doublings.  Cellular  mva- 
siveness  (27)  of  transformed  colonies  grown  in  soft  agar  is  shown 
in  Fig.  2,  and  the  fluorescence-antibody  binding  test  (,29)  per¬ 
formed  with  the  Ab  376  monoclonal  antibodv  (28)  is  shown  in 
Fig.  3B. 

Time  Course  of  Exposure  of  Fibroblasts  to  RCFi  Doses  of 
Benzamide  and  Methylazoxymethanol  Acetate,  The  time  course 
of  exposure  of  fibroblasts  to  RCF|  doses  of  benzamide  and 
methylazoxymethanol  acetate  as  related  to  Gi/S  block  and  its 
release  is  illustrated  in  Fig.  4.  The  partial  antagonism  by  benz¬ 
amide,  added  during  G(  block  and  in  early  S  phase  (lines  A  and 
B)  is  most  probably  explained  by  the  partial  retention  of  benz¬ 
amide  in  cells  even  after  several  washings  (see  Materials  and 
Methods). 

DNA  Adduct  Formation.  DMA  adduct  formation  (36-38)  was 
studied  with  two  labeled  carcinogens  (carcinogens  l  and  3  in 
Table  i)  under  identical  conditions  required  for  transformation. 
The  quantities  of  adducts  in  experiment  l  were  90.6  and  86  0 
pmol/mg  of  DNA  (22  x  103  and  21  *  103  cpm  of  l4C)  and  in 
experiment  2  were  45  and  41  pmol  of  methylazoxymethanol 
acetate  per  mg  of  DNA  (11.5  x  103  and  11  x  103  cpm).  Rates 
of  transformation  were  similar  in  both  cases.  In  each  experi¬ 
ment  die  second  value  was  obtained  in  the  presence  of  benzam¬ 
ide.  One  of  the  labeled  products  of  methylazoxymethanol  ace¬ 
tate  was  [l4C]methyl-0**guanosme.  5-9  adducts  per  10*  bases 
(d*.  ref.  39).  MethyUtion  of  DNA  with  [  methyl- uCj  methionine 
as  j  methyl  donor  was  not  influenced  by  benzamide  (results  not 
shown).  Adduct  formation  of  DNA  with  [3H(U)l70,8a-dihy* 
droxy*9a.  10a-epoxy-7,8f9, 10-tetrahydrobenzopyrene  carcin¬ 
ogen  3  in  Table  l)  yielded  mainly  70-benzopvrene  did  epoxide 
1-deoxyguanosine  <4-8  adducts  per  10*  bases)  identified  by 
chromatography  (33).  The  quantities  of  these  major  and  also  of 
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Fig.  1.  Cellular  morphology  of  normal  (group  1),  methylaxoxy* 
methanol  acetate- treated  (group  2),  and  benxamide-  and  methylaxoxy- 
methanol  acetate- treated  cells  (group  3)  as  seen  under  phase  optics. 
( x  175.)  Treatment  with  benxamide  alone  resulted  in  cells  that  were 
indistinguishable  from  group  1;  therefore,  they  are  not  shown.  The  same 
morphologic  effects  were  seen  between  5  and  30  population  doublings. 

minor  products  were  uninfluenced  by  benzamide,  supporting 
previous  results  (33).  Thus,  the  same  quantities  and  types  of 
carcinogen  adducts  occur  in  resistant  and  transformable  cell 
cultures.  Benzamide  and  carcinogens  and  their  degradation 
products  were  reisolated  by  high-performance  liquid  chroma¬ 
tography  (33),  excluding  chemical  artefacts  Autoradiography 
indicated  a  tight  association  of  benzamide  with  nuclear  mem¬ 
brane  structures. 

Alkaline  Sedimentation  Profile  of  DNA.  At  1.97  meth- 
ylazoxy  methanol  acetate  (colony  formation  in  soft  agar,  50-70 
colonies  per  10®  cells)  the  alkaline  sedimentation  profile  of  DNA 
was  die  same  in  controls  and  in  methylazoxymethanol  acetate- 
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Fig.  2.  Tissue  invasiveness  (cf.  ref.  27)  of  methylazoxymethanol 
acetate-transformed  fibroblasts,  grown  in  soft  agar  for  20  days.  (Upper) 
Normal  fibroblasts  placed  on  chicken  embryo  skin  for  72  hr.  (Lower) 
Invasive  behavior  after  the  same  length  of  exposure  to  transformed  cells. 

or  benzamide-treated  cells  when  drugs  were  added  separately 
or  in  combination  (5.26  x  10s daltons).  At  RCF!  (7  pM)  methyl¬ 
azoxymethanol  acetate  induced  an  alkali  instability  in  DNA  size, 
as  evident  from  the  appearance  of  a  second  DNA  molecular 
species  of  1.52  X  108  daltons.  However,  prevention  of  trans¬ 
formation  by  benzamide  did  not  coincide  with  reassociation  to 
the  larger  size  DNA;  thus,  no  connection  between  apparent 
fragmentation  and  reassociation  could  be  ascertained  that  cor¬ 
related  with  transformation  and  its  prevention. 

Variations  of  Po!y(ADP-ribose)  Polymerase  Activity  and  De¬ 
termination  of  Products.  After  10  hr  of  exposure  to  1  mM 
benzamide  in  cell  cultures,  inhibition  of  enzymatic  activity  was 
similar  to  that  observed  in  permeabilized  cells  at  10  /aM  benz¬ 
amide.  As  shown  in  Fig.  5  methylazoxymethanol  acetate  at  7 


Fig.  3.  Detection  of  common  antigenic  determinant  of  human 
malignancies  in  transformed  human  fibroblasts  by  fluorescence  mi¬ 
croscopy.  U)  Normal;  (B)  transformed  (see  legend  to  Fig.  2).  Photo¬ 
graphs  were  taken  with  a  Zeiss  fluorescence  microscope  (excitation  = 
486  nm,  read  at  520-560  nm).  ( x  88.) 
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mM  (Table  1,  carcinogen  1)  inhibited  poly(ADP-nboscl  poly¬ 
merase  activity  in  S  phase  nearly  to  the  same  extent  as  10  m-M 
benzamide,  but  combined  exposure  of  cells  in  the  S  phase  (see 
Fig.  4)  to  both  the  carcinogen  and  benzamide — resulting  in  the 
inhibition  of  transformation  (Table  1) — not  only  restored  rates 
to  the  level  of  controls  in  S  phase  but  also  augmented  them. 
Biochemical  studies  (Table  2  and  Fig.  5)  were  confined  to  these 
experimental  conditions.  As  shown  in  Table  2.  after  incubation 
of  permeabilized  cells  for  20  or  40  min,  protein  adducts  of  short 
chains  (phenol  soluble)  and  long  chains  (H,0  soluble)  were  iso¬ 
lated  (40),  indicating  that  prolonged  reaction  resulted  in  the 
synthesis  of  predominantly  long  chain  polymer-protein  ad¬ 
ducts.  Our  results  indicate  that  in  S  phase  and  after  exposure 
to  methylazoxymethano!  acetate  and  benzamide  both  initiation 
and  elongation  rates  increased  simultaneously,  consistent  with 
an  augmentation  of  the  polymerase. 


FlC  4.  Gt  block  and  release  was  followed  in  eight  parallel 
cultures  per  experiment  (4  *  10*  cells  per  group).  The  times  of 
release  from  G  ^  block  and  addition  of  carcinogens  are  indicated 
'  by  vertical  arrows  and  the  first  doubling  time  is  indicated  by 

the  shaded  area.  The  exposure  to  benzamide  is  shown  by  hor¬ 
izontal  arrows  (top)  together  with  the  %  protective  effect  against 
transformation,  determined  by  colony  counts  in  soft  agar.  Zero 

/£ _ 1  percent  was  defined  when  the  carcinogen  ( methy  lazoxymeths- 

10  nol  acetate)  was  present  only.  •.  I’HJThynudine  ((’HJT)  label¬ 
ing;  abecisaa.  lima  (first  in  hours,  then  in  weeks) 

DISCUSSION 

Application  of  nontoxic  yet  biologically  effective  concentrations 
of  both  carcinogens  and  benzamide  tends  to  insure  that  results 
represent  cellular  biological  mechanisms.  The  S-phase  depen¬ 
dence  of  the  efTectivity  of  transforming  agents  and  their  an¬ 
tagonism  by  benzamide  and  the  variation  of  poly(ADP-ribose) 
polymerase  activity  with  the  cell  cycle  (5.  39)  suggest  the  par¬ 
ticipation  of  the  macromolecular  metabolism  (i.e.,  induction, 
turnover)  of  the  polymerase  enzyme  protein  as  a  regulatory  fee- 
tor  in  poly(ADP-ribosyUation.  Our  results  do  not  prove  enzyme 
induction  because  only  kinetics  and  products  have  been  de¬ 
termined  and  more  specific  assays  for  the  enzyme  protein  le  g  . 
by  immunological  methods)  are  required  to  settle  this  question 
However,  we  have  repeatedly  found  that  an  inhibitor  of 
poly(ADP-ribose)  polymerase,  nicotinamide,  at  pharmacologi¬ 
cal  doses  sufficient  to  inhibit  the  enzyme  in  vitro  can  induce  a 
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Fig.  5.  Rates  of  poly<ADP-riboM)  polymerase  in  synchronized  hu¬ 
man  fibroblasts,  assaysd  in  the  S  phase,  a,  S  phase  controls  (S);  0,  cells 
treated  with  benzamide  (BA)  (Table  2  end  Fig.  4);  70  mM  methyl- 

asQxymethanol  acetate  (MAMA);  a,  simultaneous  treatment  with 
benzamide  and  the  carcinogen  <BA  +■  MAMA).  Aseay  conditions  were 
the  same  as  given  for  Table  2. 


Table  2.  Distribution  and  quantities  of  total,  phenol-soluble,  and 

HlO-soluble  proiein-polytADP-riboee)  adducts _ 

Protein-bound  ADP-riboee, 


Experimental 

conditions 

Time  of 
reaction. 

min 

pmol  per  10*  cells 

Phenol  H,0 

Total  soluble  soluble 

Gi  block 

20 

203 

45 

157 

, 

40 

324 

35 

289 

S  phase 

20 

413 

126 

287 

> 

40 

868 

13 

854 

km 

Benzamide 

20 

207 

67 

140 

40 

294 

29 

286 

♦  Methylazoxy- 

./ 

methanol  acetate 

20 

279 

63 

214 

V 

40 

348 

19 

329 

♦  Benzamide  ♦ 

methylazoxy- 

methanol  acetate 

20 

564 

245 

318 

«  - 

40 

905 

15 

888 

Permeabilized  cells  (7.5  x  10*;  equivalent  to  -2  mg  of  protein)  were 
incubated  in  e  total  volume  of  500  m!  containing  100  mM  Tna  chloride 
(pH  8.0),  10  mM  EDTA,  20  mM  CaCl,.  0.5  mM  NAD(14C-libeled  in  the 
adenine  moiety  (28.000  dpm/nmol)].  and  0.1  mM  phenylmethanesul- 
fonyl  fluoride  at  25aC  After  20  or  40  min  the  reaction  was  terminated 
by  addition  of  0.5  ml  of  20%  HClO  at  0*C,  and  polyiADP-ribosyDated 
proteins  were  separated  (40).  Each  value  is  the  mean  of  three  analyses 
with  s  SD  of  ±20% 
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variety  of  enzyme*  in  vivo  (41.  42);  thus,  the  hypothetical 
mechanism  proposed  for  benzamide  is  not  without  precedent. 
Based  on  the  unique  structural  features  of  poly(.ADP-nbose) 
(14.  IS),  it  may  be  assumed  that  a  structural  regulation  of  phys- 
iologicai  chromatin  function  in  S  phase  has  been  reestablished 
by  die  augmentation  of  certain  DNA-associated  polyiADP-ri- 
boseKnonhistone-protein  adducts  and  this  process  may  be  caus¬ 
ally  related  to  the  prevention  of  transformation.  A  chromatin 
structure-dependent  control  of  gene  regulation  has  been  pro¬ 
posed  earlier  (43).  although  molecular  mechanisms  involved  were 
not  identified.  Currently  held  mechanisms  of  neoplastic  trans¬ 
formation  by  oncogene  expression  (44-46).  gene  translocations, 
and  amplifications  (47.  48)  may  be  extended  by  the  polytADP- 
ribosyDatioa-dependent  supramolecular  control  of  availability 
of  DN'A  domains  that  could  involve  critical  enhancing  regions. 

It  was  shown  that  3-aminobenzamide  at  high  doses  (300-600 
mg/kg)  if  administered  to  rats.  4  hr  after  in  rico  pretreatment 
with  a  hepatocarcinogen.  appears  to  augment  the  development 
of  premaiignant  liver  foci,  characterized  by  increased  y-glu- 
tamyl  transpeptidase  (49).  An  overwhelming  dose  of  an  inhib¬ 
itor  of  poly(ADP-ribose)  polymerase  when  administered  in  cico 
is  likely  to  serve  primarily  as  an  enzyme  inhibitor  of  the  poly¬ 
merase  and  not  as  an  inducer  and  therefore  may  reinforce  car¬ 
cinogenicity,  especially  if  the  carcinogen  has  been  given  prior 
to  the  inhibitor.  It  follows  that  specific  pharmacokinetic  and 
cellular  kinetic  conditions  have  to  be  observed  to  reproduce  the 
antitransforming  effect  of  nontoxic  doses  of  inhibitors  of  poly- 
(AOP-ribose)  polymerase  in  intact  animals.  A  variety  of  inhib¬ 
itors  of  poly(ADP-ribose)  polymerase  have  been  found  to  serve 
as  antitransforming  agents  in  fibroblast  cultures  if  applied  un¬ 
der  conditions  described  here  (unpublished  data);  therefore, 
the  observed  effect  is  not  confined  to  benzamide. 
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a  recipient  of  the  Research  Career  Award  of  the  United  States  Public 
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INTRODUCTION 

Earlier  developments  in  the  field  of  poly  (ADP-ribose)  have  been  reviewed 
(1-4).  Instead  of  a  reappraisal  of  this  often  contradictory  field  the  purpose  of 
the  present  paper  is  to  deal  with  experimental  evidence  obtained  in  this 
laboratory  that  may  be  the  basis  of  the  biochemical  function  of  this  polymer  in 
physiologically  functioning  cellular  systems.  This  necessarily  selective 
approach  was  chosen  because  the  compilation  of  highly  complex  results 
provided  by  numerous  laboratories  does  not  lend  itself  to  the  formulation  of  a 
convincing  working  hypothesis  that  explains  the  physiological  function  of 
poly  (ADP-ribose).  It  may  even  be  argued  that  poly  (ADP-ribose)  could  be  a 
metabolic  curiosity  with  no  physiological  function  except  serving  as  an 
obligatory  macromoiecular  catabolic  product  of  NAD(6).  That  many  aspects 
of  the  molecular  biology  of  nucleic  acids,  especially  in  selected  in  vitro 
systems,  can  be  profitably  pursued  without  paying  attention  to  the  third  type 
of  nuclear  polymer,  poly  (ADP-ribose),  further  tends  to  strengthen 
scepticism. 

Against  this  relatively  bleak  background  it  should  be  mentioned  that 
isolation  of  catalytic  proteins  that  appear  to  participate  in  the  biosynthesis 
and  degradation  of  poly  (ADP-ribose)  (cf.  2)  and  the  establishment  of  the 
elements  of  the  primary  structure  of  the  polymer  (cf.  5)  are  firm  bases  for 
future  developments.  Even  the  first  stages  beyond  these  basic  accomplish¬ 
ments  are  fraught  with  uncertainties.  Numerous  laboratories  report  that 
histones,  the  most  abundant  nuclear  proteins,  are  readi'v  poly 
(ADP-)ribosylated  both  in  vitro  and  in  vivo ,  and  yet  the  reason'  nese  at 

best  semiquantitative  results  are  ambiguous.  It  could  be  assumed,  for 
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example,  chat  conventional  analytical  methods  fail  to  detect  the  instability  of 
polymer  —  non  histone  protein  bonds  and  the  apparent  prevalence  of  histone 
polymer  adducts  merely  indicates  a  survival  of  the  more  stable  polymer  — 
histone  adducts.  Yet  formulation  of  a  physiological  function  of  poly 
(ADP-ribose)  as  a  nucleoprotein  modifying  reagent  critically  depends  on  the 
nature  of  the  polymer  acceptor  proteins. 

The  approach  followed  in  our  work  predicts  the  subjects  to  be  dealt  with  in 
the  present  paper.  Biochemical  studies  will  be  presented  that  identify  by 
various  analytical  methods  the  most  probable  types  of  nuclear  proteins  that 
serve  as  polymer  acceptors  in  cellular  and  nuclear  systems.  Since  the 
uniqueness  of  poly  (ADP-ribose)  as  a  protein  modifier  is  its  macromolecular 
nature,  we  further  investigated  the  question  whether  or  not  this  polymer  has 
an  ordered  structure  or  merely  exhibits  a  random  structure  as  is  the  case  with 
many  polysaccharides.  We  subsequently  studied  the  kinetics  of  polymeriza¬ 
tion  and  its  reversal  in  a  quasiphysiological  model,  the  intact  nucleus  of 
permeabilized  cells.  The  purpose  of  this  kinetic  experiment  was  the  analysis  of 
regulatory  parameters  of  the  polymerase  and  glycohydrolase  enzymes  in  a 
nearly  intact  system.  Finally,  we  have  selected  in  vivo  animal  models  and 
human  cell  culture  systems  for  the  demonstration  of  a  physiological  function 
of  the  protein-poly  (ADP-ribose)  system.  By  necessity  the  present  paper 
represents  a  progress  report  in  the  areas  listed,  and  results  will  be  discussed  by 
starting  with  structural  aspects  of  poly  (ADP-ribose)  and  then  developed  to 
areas  of  cell  function. 

Since  the  experimental  work  discussed  in  this  paper  deals  with  a  variety  of 
chemical  and  biochemical  studies,  no  unified  description  of  methods  is 
feasible  and  therefore  experimental  procedures  will  be  incorporated  into  each 
section. 


* 


CONFORMATION  OF  2'  (5"- P  H  OS  P  H  O  R I  BOS  Y  L)-5'- A  M  P 
This  nucleotide  is  the  unique  pyrophosphorolytic  degradation  product  of 
the  polymer.  The  a  (1"  -*■  2)  ribofuranosyi  ribofuranoside  bond  (7-9)  in  2' 
(5~-phosphoribosyl)-5'-AMP)  has  been  established  by  NMR  studies.  How¬ 
ever,  the  descriptive  structure  of  this  nucleotide  (Fig.  5  of  ref.  5)  as  envisaged 
in  an  aqueous  solution  (8)  does  not  predict  its  behaviour  when  the  reactivity  of 
the  cir-diol  with  phenyl  boronic  acid  is  determined  (10). 

As  shown  in  Figure  1,  2' (5"-phosphoribosyl)-5 -AMP  (PR-AMP)  is  not 
adsorbed  on  a  phenylboronic  acid  column  (Afftgel  601)  using  1  M  ammonium 
carbonate  as  application  buffer  (pH  8.8)  (A),  whereas  ADP-ribose  behaves  as 
expected  and  is  eluted  by  100  mM  potassium  phosphate  (pH  4.0)  as  a  single 
peak  (B).  Interference  by  electrostatic  repulsion  between  negatively  charged 
phosphate  and  boronate  groups,  a  phenomenon  that  can  occur  at  low  ionic 
strength,  was  eliminated  by  the  I  m  ammonium  carbonate;  therefore  the 
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FIG.  I.  Chromatographic  behavior  of  PR-AMP  (A)  ADP-R  (B)  on  boronate  affinity  resin. 
Application  buffer  was  I  m  ammonium  carbonate  (pH  8.8)  and  elution  buffer  was  100  idm  k- 
phosphate  (pH  4.0).  The  change  of  buffers  is  indicated  by  arrows.  Flow  rate:  0.5  ml/ min. 


anomalous  behavior  of  PR-AMP  had  to  be  ascribed  to  a  structural  property 
of  this  molecule. 

The  specificity  of  PR-AMP  as  compared  to  other  c/s-diol  containing 
nucleotides  with  respect  to  boronate  complexation  is  summarized  in  Table  1. 
When  PR-AMP  was  dephosphorylated  by  alkaline  phosphatase  (EC  3. 1.3.1) 


TABLE  I.  BEHAVIOR  OF  ADENINE  CONTAINING  NUCLEOTIDES 
ON  AFFIGEL  601 


Nucleotides 

Desorbed  by  the 
application  buffer 

Recovered  by  the 
elution  buffer 

Adenine 

97.3% 

0% 

Adenosine 

4.2% 

89.0% 

5 -AMP 

4.6% 

92.1% 

J'-ADP 

3.0% 

91.3% 

J'-ADP-R 

1.2% 

93.4% 

NAD 

2.0% 

88.0% 

Specificity  of  boronic  acid  gel  towards  adenine  derivatives.  Adenine 
derivatives  were  tested  in  the  same  application  buffer  as  shown  in  Figure  I  (A) 
(I  m  carbonate)  to  exclude  possible  interference  by  charge  repulsions. 
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and  dephosphorylation  was  confirmed  by  the  absence  of  binding  of  ribosyl 
adenosine  to  AG  1  x  2  (compare  Figures  2(A)  and  (B),  the  dephosphorylated 
product  readily  complexed  with  phenylboronic  acid  (Figure  2(C)).  It  is 
apparent  that  an  interaction  between  the  m-diol  with  one  of  the  phosphoric 
acid  groups  inhibits  complexation  with  phenylboronate.  Quantitative  KI04 
titration  revealed  the  presence  of  a  stoichiometric  amount  of  c/s-diol  in 
PR-AMP  (not  shown,  cf.  10);  thus  no  anomaly  exists  with  respect  to  the 
chemical  entity  of  c/s-diol.  The  molecular  structure  of  PR-AMP  was 
analyzed  by  a  computer  graphics  model  building  system,  utilizing  available 
NMR  data  (8,  9).  Eleven  conformational  parameters  are  required  to  specify 
the  conformation  of  PR-AMP  with  fixed  bond  angles  and  lengths.  Nine  are 
due  to  single  bond  rotations  and  two  to  ribose  puckering  as  was  described  in 
detail  (10).  If  the  cis-diol  of  ribose  in  the  5"-phosphoribosyl  moiety  were  to 
form  a  boronate  complex,  it  would  be  constrained  to  O,"  endo  or  O,"  exo 
conformation,  and  we  found  by  graphic  computation  only  the  O,"  exo  to  be 
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FIC.  2.  Chromatographic  behavior  of  PR-AMP  and  ribosyl-adenosine  on  AC  lx  2  and  boronic 
acid  (Affiget  601)  resins.  (A)  PR-AMP  was  charged  on  AG  I  x  2  formate  resin  and  eluted  with  a 
linear  gradient- from  HjO  to  6  M  formic  acid.  (B)  The  eluted  PR-AMP  was  lyophilized  and 
dephosphorylated  by  alkaline  phosphatase  (E.C.  3. 1.3.1)  and  charged  on  an  AC  I  x  2  formate 
resin.  The  ribosyl-adenosine  eluted  without  adsorption  by  the  HjO-formate  gradient.  (C) 
Ribosyladenosine  obtained  from  B  was  charged  on  a  boronate  column  and  eluted  as  a  single  peak 
in  the  system  described  in  the  legend  of  Figure  I. 
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sterically  favorable.  In  the  ribose  of  AMP  moiety  NMR  data  indicate  equal 
proportions  of  C>'  endo  and  C}'  endo  puckerings.  A  major  observation  in  our 
studies  is  that  the  puckerings  of  the  sugars  significantly  alter  the  position  of 
the  phosphate  groups  in  relation  to  the  rest  of  the  molecule.  With  Q  'endo 
puckering,  the  5'-phosphate  of  the  AMP  moiety  is  distant  from  the  hydroxyl 
(cis-diol)  group  of  5"-phosphoribosyl  moiety,  whereas  with  Q'  endo 
puckering  the  5 -phosphate  is  located  near  the  cis-diol.  A  model  was  built 
with  Ci'  endo-gg-anti  for  the  AMP  moiety  and  O,'  exo-tg  for  the 
5"-phosphoribosy!  moiety.  The  contacts  between  the  non-bonded  atoms  were 
checked  and  relieved  by  rotating  about  the  sugar-sugar  bond.  We  find  that 
only  the  phosphate  of  the  AM  P  moiety  can  interact  with  the  ds-diol  group,  as 
shown  in  Figure  3,  and  this  explains  the  unavailability  for  phenyl  boronate 
complexation.  In  the  polymer  the  AMP  moiety  of  PR-AMP  is  bonded  as  a 
pyrophosphate;  thus  the  interaction  seen  in  the  subunit  of  the  polymer 
(PR-AMP)  is  modified,  making  the  ds-diol  available  for  boronate 
complexation,  as  found  experimentally  (1 1).  The  possibility  cannot  be  ruled 
out  that  the  type  of  interaction  observed  with  PR-AMP  may  explain  that  poly 
ADP-ribosylated  peptides  in  SDS  gel  at  pH  5.0  behave  electrophoretically 
indistinguishably  from  polypeptides  devoid  of  the  polymer  (12). 


FIG.  3.  Specific  computer  derived  conformation  of  PR-AMP.  The  O  atoms  of  the  phosphate 
groups  of  AMP(OP2,  OP})  and  O  atoms  of  ris-diol  (0.2, 0.3) exhibit  steric  interaction.  Computer 
modeling  was  performed  on  an  Evan  and  Southerland  Picture  System  PS  200  (Color  Graphics) 
driven  by  a  PDP  11/70  computer. 
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MACROMOLECULAR  PROPERTIES  OF  POLY(ADP-RIBOSE) 

In  contrast  to  other  covalent  protein  modifying  reactions,  e.g.  phos¬ 
phorylation,  acetylation,  methylation,  etc.,  poly  ADP-ribosylation  involves 
the  addition  of  a  macromolecuiar  component  to  proteins.  If  the  polymer  were 
of  random  structure  as  is  known  to  be  the  case  for  many  polysaccharides, 
interpretation  of  the  biological  significance  of  the  protein  modification 
process  would  tend  to  be  in  favor  of  protein  transport.  On  the  other  hand,  an 
organized,  nucleic  acid-like  structure  may  help  to  explain  protein-protein 
interactions  or  protein-DNA-binding,  depending  on  the  structural  features  of 
poly  (ADP-ribose). 

An  experimental  answer  to  this  question  was  provided  by  the  development 
of  a  relatively  large  scale  (3-5  mg/ batch)  method  for  the  isolation  of 
uncontaminated  polydisperse  poly  (ADP-ribose).  The  principle  of  the 
procedure  consisted  of  extensive  purification  of  enzymatically  synthesized 
poly  (ADP-ribose)  on  a  boronate  affinity  column  (13)  followed  by 
fractionation  of  oligomers  with  long  (n*  35),  medium  (n®3  9)  and  short 
(n  ®*  2)  oligomers.  A  correlation  of  spectral  ( A2SOl2W ,  hypochromicity)  and 
CD  analyses  with  chain  length  was  readily  accomplished. 

The  effect  of  increasing  concentration  of  phosphate  on  A-280  /  2m>  of 
polydisperse  poly  (ADP-ribose)  is  illustrated  in  Figure  4.  It  is  clear  that 
Ajm/mo  cannot  be  used  as  an  optical  test  for  purity  of  the  polymer,  as  has  been 
customarily  done  in  the  past,  since  the  influence  of  increasing  ionic  strength 
on  this  spectral  parameter  suggests  an  effect  on  conformation.  This  is  more 
explicitly  shown  in  Figure  5.  In  the  experiment  described  in  Figure  5  both  the 
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FIG.  4.  The  influence  of  concentration  of  phosphate  on  the  Also/260  of  polydisperse  poly 
(ADP-ribose)  equivalent  to  12.4  nmol/ml. 
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FIG.  5.  Correlation  between  chain  length  and  spectral  properties  of  poly  (ADP-ribose) 
determined  at  room  temperature.  The  upper  part  illustrates  spectral  properties;  left  ordinate  = 
Amo/mo;  right  ordinate  =  hypochromicity  calculated  from  the  specific  radioactivity  of  PR-AM  P 
prepared  from  the  polymer.  The  lower  part  shows  molecular  filtration  of  the  polydispersc 
,  polymer  on  Scphadex  G-50  with  molecular  markers  (cf.  17). 


A mo/ms  and  %  hypochromicity  were  determined  in  poly  (ADP-ribose) 
fractions  of  varying  chain  length.  The  upper  part  of  Figure  5  depicts  optical 
measurements  and  the  lower  portion  illustrates  the  separation  of  polymers 
into  fractions  of  varying  chain  length  by  molecular  filtration.  There  was  a 
significant  increase  in  hypochromicity  (from  0  to  -14%)  and  a  simultaneous 
increase  in  A^o/^.  Both  responses  reached  a  plateau  at  longer  chain  lengths. 

The  temperature  dependence  of  CD  spectra  of  long  chain  polymers  is 
illustrated  in  Figure  6.  At  5°C  there  are  two  large  positive  0  bands  at  205  and 

272.5  nm  and  one  negative  band  at  249.5  nm  with  a  small  shoulder  at 
222-225  nm.  At  75° C  the  6  signals  diminished  at  272.5  and  249.5  nm,  giving 
place  for  a  new  negative  band  at  267.5  nm.  The  small  shoulder  seen  at  5°C  was 
enlarged  into  a  negative  band  at  220  nm  when  temperature  was  raised  to  75°  C. 
At  intermediate  temperatures  0  values  assumed  intermediary  positions  with 
two  isosbestic  points  at  228  and  259  nm,  exhibiting  also  a  temperature 
increase  dependent  red  shift  (Figure  6,  inset  I)  and  a  melting  curve  measured  at 

249.5  nm  (Figure  6,  inset  II). 

The  temperature  induced  effects  on  CD  spectra  were  also  studied  with 
medium  and  short  chain  oligomers.  A  temperature  increase  dependent  red 
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FIG.  6.  The  influence  of  increasing  temperature  on  the  CD  spectrum  of  long  chain  poly 
(ADP-ribose),  n  =  35.  Inset  I  =  variation  of  ?  in  nm  of  6U»  (ordinate)  at  varying  temperature, 
and  inset  II  *  meltin  curve  at  s  249  nm.  CD  was  determined  in  a  JASCO  J-500A 
spectropolarimeter  calibrated  with  D-IO-camphorsulfonic  acid  and  expressed  as  mean  residue 

eUipticity. 

shift  was  still  seen  with  chains  of  medium  length,  whereas  with  short  oligomers 
only  the  magnitude  of  $  exhibited  temperature  dependence.  At  72°  C  the 
differences  between  CD  spectra  of  all  three  species  of  oligomer  vanished, 
indicating  that  heat  denatured  long  and  medium  chains  assumed  the 
conformation  of  the  short  chain  species  (cf.  13). 

The  sum  of  these  results  strongly  indicates  that  poly  (ADP-ribose)  has 
ordered  conformation,  and  in  fact  at  5°  the  CD  spectra  resemble  those  of  poly 
(A),  poly  (U),  poly  (A  4-  U)  and  DNA,  but  not  RNA  because  RNA  has  no 
major  band  around  245  nm  (14-16).  This  similarity  in  conformation  is 
remarkable  in  view  of  the  significant  differences  in  the  molecular  con¬ 
figuration  between  poly  (ADP-ribose)  and  the  mentioned  nucleic  acids. 
Interpretation  of  these  observations  depends  on  more  precise  structural 
studies  (e.g.  X-ray  diffraction  analyses). 

It  is  concluded  that  high  probability  exists  that  the  biological  effect  of 
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covalent  modification  of  proteins  on  a  molecular  level  depends  on  the 
interaction  of  this  nucleic  acid  type  structure  with  nucleic  acids,  probably 
DNA,  conferring  possible  regulation  of  association  of  selective  proteins  with 
DNA. 


THE  NATURE  OF  ACCEPTOR  PROTEINS  IN  THE  CELL  NUCLEUS 
The  prevalence  of  histones  in  the  nucleus  prompted  earlier  investigators  to 
study  poly  ADP-ribosylation  of  these  basic  proteins  both  in  vivo  and  in  vitro 
(cf.  I,  2).  Well  developed  techniques  available  for  the  isolation  of  histones 
provided  technical  advantages  and  probably  convenience  of  this  technology 
also  propagated  this  experimental  approach.  Although  the  participation  of 
non-histone  proteins  as  polymer  acceptors  was  realized  in  many  laboratories, 
it  was  not  until  quantitative  methods  were  applied  that  the  contribution  of 
both  types  of  nuclear  proteins  as  polymer  acceptors  could  be  assessed.  We 
have  employed  quantitative  immunochemical  (17),  affinity  chromatography 
(11)  and  quantitative  gel  electrophoretic  (12,  18)  techniques  for  the  resolution 
of  this  question.  Results  are  summarized  in  Table  2. 


TABLE  2.  THE  QUANTITATIVE  ASSOCIATION  OF  POLY  (ADP-RIBOSE)  WITH 
NON-HISTONE  PROTEINS 


Experimental  conditions  and  methods 

%  polymer  bound  to  non-histone 
proteins 

lmmunochemistry 
n  >  4  (rat  liver) 

99%  (ref.  17) 

Affinity  chromatography 
(hamster  liver) 

86%  (cf.  II) 

Quantitative  gel  electrophoresis 
(cardiocyte  nuclei  and  9L-gliosarcoma  cells) 

80-85%  (cf.  12.  18) 

Although  a  definite  fraction  of  poly  (ADP-ribose)  is  consistently  found  to 
be  bound  to  various  histones  (mostly  HO,  this  fraction  is  much  smaller  than 
that  associated  to  non-histone  proteins.  Considering  the  large  quantity  of 
histones  in  nuclei  the  preferential  non-histone  protein  association  of  the 
polymer  becomes  even  more  obvious.  The  participation  of  non-histone 
proteins  in  the  regulation  of  differentiation  and  cell  specificity  of  macro- 
molecular  metabolism  is  well  recognized  (cf.  19),  although  the  underlying 
molecular  mechanisms  are  yet  largely  unknown.  It  is  for  this  reason  that  our 
attention  became  focussed  on  biological  phenomena  concerned  with 
differentiation,  such  as  the  action  of  developmental  hormones,  ontogenic 
development  and  carcinogenesis,  and  we  proceeded  to  study  poly  (ADP- 
ribose)  metabolism  in  related  models. 


186 


ERNEST  KUN,  et  at. 


THE  REGULATION  OF  SYNTHESIS  OF  POLY  (ADP-RIBOSE) 

IN  PERMEABIL1ZED  RAT  BRAIN  9L-GLIOSARCOMA  CELLS 

Before  the  discussion  of  results  obtained  in  the  area  of  differentiation  and 
development  it  seems  plausible  to  consider  biochemical  regulation  of 
poly  ADP-ribosylation  in  a  single  cell  system.  Identification  of  rate  limiting 
processes  in  a  simpler  system  may  aid  possible  interpretations  of  more 
complex  models. 

Although  purified  proteins  have  been  isolated  that  catalyze  both  the 
biosynthesis  and  hydrolytic  cleavage  of  poly  (ADP-ribose)  (cf.  1,  2),  the 
catalytic  control  especially  of  the  polymerase  enzyme  is  poorly  understood.  In 
the  purified  form  the  polymerase  serves  as  its  own  polymer  acceptor  (20),  and 
this  automodification  of  the  enzyme  results  in  enzyme  inhibition.  It  follows 
that  prediction  from  in  vitro  kinetics  of  the  purified  enzyme  to  conditions  that 
prevail  in  intact  nuclei  would  be  difficult  because  it  can  be  assumed  that  in  situ 
the  polymerase  will  poly  ADP-ribosylate  a  variety  of  proteins  (see  Table  2) 
before  its  autopoly  ADP-ribosylation  signals  termination  of  the  entire 
process.  TransADP-ribosylation  from  the  enzyme  protein  to  histones  has 
been  ruled  out  experimentally  (20);  thus  it  has  to  be  assumed  that  an 
interaction  between  the  ADP-ribose  donor  (i.e.  NAD),  the  polymerase  and 
appropriate  polymer  initiation  accepting  proteins  must  take  place  under  VM, 
conditions.  The  multisubstrate  kinetics  of  this  catalysis  has  so  far  not  been 
considered,  probably  because  of  the  extreme  technical  difficulties  en¬ 
countered  in  the  isolation  of  an  acceptor  protein  that  —  at  least  for  a  brief 
period  —  will  eliminate  autoinhibition  of  the  reaction  sequence.  The 
polymerase  is  known  to  have  a  dual  catalytic  activity  (20),  one  being 
equivalent  to  NAD  glycohydrolase,  producing  ADP-ribose,  and  the  second  is 
the  polymerase  reaction  that  adds  ADP-ribose  to  the  ribose  moiety  of 
growing  chains.  It  was  also  shown  that  free  ADP-ribose  readily  forms  protein 
adducts  (21),  and  these  adducts  can  serve  as  initiators  for  polymer  chain 
formation  (22).  It  is  evident  that  under  optimal  enzymatic  conditions  that 
presumably  prevail  in  intact  cell  nuclei,  a  reasonable  catalytic  process  of 
initiation,  elongation  and  termination  of  polymerization  reaction  exists.  We 
have  tested  this  mechanism  in  lysophosphatidyl  choline  treated  rat  brain 
9L-gliosarcoma  cells,  which  offer  no  permeability  barrier  to  externally  added 
macromolecules  (proteins),  yet  maintain  an  essentially  intact  nuclear 
structure  (cf.  18).  When  these  permeabilized  cell  ghosts  are  incubated  with 
DN  A-ase  I  as  an  activator  (for  mechanism  see  below)  and  with  50  and  500  mm 
NAD  as  substrate  and  the  chain  length  of  polymers  formed  is  determined  after 
3, 30  and  50  min  reaction  time,  results  shown  in  Figures  7  and  8  are  obtained. 

It  is  clear  that  with  50  p M  NAD  there  is  rapid  initiation  as  well  as  elongation 
(Figure  7A),  followed  by  rapid  decay  of  large  polymers  but  a  sustained  rate  of 
initiation.  With  500  pM  NAD  as  substrate  there  is  a  seemingly  more  regular 
initiation  process  and  elongation  taking  place,  and  no  precipitous  decay  of 
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FIG.  7.  Time  dependent  variation  of  the  chain  length  of  polymers  formed  in  the  presence  of  50 
(A.B)  and  500  (C.D)  mm  NAD  by  250  Mg  (protein)  9L-gliosarcoma  cell  ghosts  for  3  or  30  min 
(25°C,  conditions  described  in  ref.  18).  The  chain  length  of  the  protein  free  polymer,  obtained  by 
base  hydrolysis,  was  determined  by  molecular  filtration  on  Sephadex  G-50;  elution  system:  I. 
NaCl.  01  m  Tris-HCI,  pH  7.0,  flow  rate  12  ml/h,  fraction  vol.  =  4  ml. 


long  chains  is  seen.  With  the  passage  of  time  the  polymers  are  grouped  around 
long  chains  only  (Figure  8),  apparently  consistent  with  a  state  where  all 
initiator  sites  are  saturated  and  only  elongation  takes  place  until  presumably 
automodification  of  the  polymerase  terminates  the  entire  process.  It  is  evident 
that  the  intact  nuclear  system  behaves  like  a  predictable  kinetic  model  for 
polymerization  and  thus  is  suitable  for  mathematical  analysis  following 
known  principles  of  the  process  of  polymerization  (23).  Data  from  Figure  8 
were  replotted  in  Figure  9  in  order  to  compare  the  weight  fraction  of  chain 
length  (n)  to  one  plausible  reference  form,  the  Poisson  distribution  (cf.  23) 
Assuming  a  linear  relationship  between  chain  length  and  fraction  number,  an 
assumption  based  on  experimental  data  (17),  a  weight  fraction  maximum  W„ 
a,  was  obtained.  The  points  in  Figure  9  represent  the  ratio  W„  /  Wn  m„  as 
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ordinate  against  chain  length  (n)  and  the  solid  curve  is  the  calculated  value 
expected  from  the  Poisson  distribution: 

W„/Wnni„  (7/  n)" + 1  2  exp  (n-y) 

with  y  =  70.  The  factorial  n  (n!)  has  been  replaced  by  the  Stirling’s 
approximation  for  arbitrary  n  and  for  n  =  y  (24).  The  experimental  points  on 
either  side  of  the  maximum  are  in  close  conformity  with  this  calculation,  but 
for  shorter  chain  length  there  is  increasing  deviation  from  the  sharply  peaked 
reference  curve.  The  most  probable  explanation  for  this  deviation  is  the 
difference  of  reactivity  of  initiation  sites.  Once  the  chains  are  initiated  and 
surpass  some  minimum  size  their  growth  rates  should  be  invariant  and  no 
longer  reflect  the  point  of  origin.  It  follows  that  the  most  likely  control  site  of 
polymerization  is  at  the  initiation  sites. 

Independent  experimental  evidence  confirms  this  hypothesis.  It  follows 
from  the  ADP-ribose-protein  adduct  formation  (21)  that  nucleophiles 
should  compete  for  the  initiation  reaction  of  polymerization.  This  is  found 
experimentally,  as  summarized  in  Table  3. 


TABLE  3.  INHIBITION  OF  PROTEIN-POLY ADENOSINE 
DIPHOSPHORIBOSYLATION  IN  PERMEABILIZED  9L-GLIOSARCOMA  CELL 
GHOSTS  BY  BASIC  AMINO  ACIDS 


No. 

Experimental  conditions 

ADP-R  incorporated 
nmol/ mg  protein/ 5  min 

% 

Inhibition 

I 

Control,  no  DNA-ase  I 

3  min  incubation 

0.49 

2 

Control.  DNA-ase  1  200  ug/ml 

3  min  incubation 

5.25 

3 

As  I  +  30  mM  arginine 

0.40 

18 

4 

As  2  +  30  mM  arginine 

2.71 

48 

5 

As  1  +  30  mM  i-lysine 

0.35 

29 

6 

As  2  +  50  mM  L-lysine 

3.01 

43 

7 

As  1  +  50  mM  arginine-methyl  ester 

0.16 

68 

8 

As  2  +  50  mM  arginine-methyl  ester 

0.53 

90 

THE  MECHANISM  OF  ACTION  OF  DNA-ase  I  PROTEIN 
(E.C.  3. 1.4. 3)  ON  POLY  (ADP-RIBOSE)  POLYMERIZATION 
IN  INTACT  NUCLEI 

It  has  been  known  for  some  time  that  addition  of  DNA-ase  I  to 
permeabilized  cells  increases  poly  (ADP-ribose)  polymerase  to  a  maximal 
level  (cf.  3,  4).  It  was  assumed  that  the  nucleolytic  action  of  DNA-ase  I  on 
DNA  in  some  way  activates  the  polymerase  and  an  elaborate  hypothesis  was 
proposed  that  professed  a  regulatory  role  of  DNA  fragmentation  on  poly 
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(ADP-ribose)  synthesis  (cf.  3).  We  found  no  such  relationship  in  two 
dissimilar  in  vivo  models  (1 1,  23)  between  DNA  size  and  poly  (ADP-ribose) 
polymerase  activity  and  proceeded  to  investigate  the  mode  of  action  of  DNA¬ 
ase  1  in  permeabilized  9L-gliosarcoma  cells  ( 18).  The  experimental  approach 
included  the  labeling  of  cellular  DNA  with  [3  H]  thymidine,  resulting  in  DNA 
of  very  high  specific  activity  (30,000  dpm//ug  DNA)  permitting  the 
determination  of  the  quantity  and  molecular  size  of  DNA  with  very  great 
accuracy.  Since  it  is  well  known  that  DNA-ase  1  activity  can  be  varied  at  will 
by  experimental  conditions,  we  studied  the  effects  of  active,  inhibited  and  base 
denatured  DNA-ase  1  on  DNA  molecular  size,  quantity  and  its  effect  on  poly 
(ADP-ribose)  polymerase  under  a  wide  variety  of  conditions.  As  illustrated  in 
Table  4,  both  enzymatically  active  DNA-ase  I  and  Ca2+  depleted  DNA-ase  I, 


TABLE  4.  THE  EFFECT  OF  ADDED  DNA-ase  I  ON  THE  MOLECULAR  SIZE  AND 
CELLULAR  CONCENTRATION  OF  DNA  AND  ON  POLYADENOSINE 
DIPHOSPHORIBOSE  POLYMERASE  ACTIVITY  OF  PERMEABILIZED 
9L-GLIOSARCOMA  CELL  GHOSTS 


Polyadenosine 

Experimental 

DNA  size  in 

DNA  concentration: 

diphosphoribose 

No.  conditions 

Svedbcrg  units 

(Mg  DNA/  mg  cell  protein) 

polymerase  (nmol 

(S) 

ADP-R  incorporated 
in  5  min /  mg  protein) 

1  Gliosarcoma  cells 

59.0 

25.0 

0.6 

2  1  4-  100  jig/ml 

not  measurable 

DNA-ase  I  4-  Ca2+ 

after  5  min 

+  NAD  added 
simultaneously 

incubation 

0.3 

7.7 

3  1  +  preincubation 

not  measurable 

with  DNA-ase  1 

after  3  min 

for  10  min 

incubation 

0.3 

6.7 

4  1  4-  preincubation 

not  measurable 

with  DNA-ase  1 

after  5  min 

for  20  min 

incubation 

0.3 

6.4 

3  1  4-  CalLV  depleted 

DNA-ase  1  (200  Mg/  ml) 
4-  Mg24,  added 
simultaneously 

28.0 

24.0 

5.7 

6  1  4-  preincubation 

with  Ca2+  depleted 
DNA-ase  1  for  5  min 

28.0 

24.0 

6.2 

7  1  4-  preincubation 

with  Ca2+  depleted 
DNA-ase  1  for  10  min 

28.0 

24.0 

6.6 

8  \  4-  preincubation 

with  Ca;+  depleted 
DNA-ase  I  for  20  min 

28.0 

24.0 

7.2 

In  Exps.  3,  4,  6,  7  and  S  the  reaction  was  started  by  adding  [l4C]-NAD. 
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which  retained  only  the  capability  to  produce  a  single  strand  break,  halving 
the  molecular  size  of  DNA,  maximally  activate  poly  (ADP-ribose) 
polymerase;  therefore  no  correlation  between  the  magnitude  of  DNA 
breakdown  (which  was  98.5%  in  the  case  of  active  DNA-ase  I)  and  poly 
(ADP-ribose)  polymerase  could  be  established.  Furthermore,  base  denatured 
DNA-ase  I  protein  also  increases  the  polymerase  activity  and  conditions  were 
found  where  increased  poly  (ADP-ribose)  polymerase  activity  actually 
coincided  with  an  inhibition  of  DN  A  breakdown  by  endogenous  nucleases  (cf. 
18).  The  effect  of  DNA-ase  I  on  poly  (ADP-ribose)  polymerase  activity  was 
inhibited  by  actin,  which  is  known  to  bind  DNA-ase  I  (cf.  18).  The  most 
probable  mode  of  action  of  DNA-ase  I  on  the  polymerase  appeared  to  be 
mediated  by  the  binding  of  DNA-ase  I  with  nuclear  actin,  resulting  in  a 
nuclear  conformation  change  that  makes  more  initiating  protein  (mostly  non¬ 
histone)  sites  available  for  polymer  initiation.  The  observed  kinetics  of 
polymer  initiation,  elongation  and  termination  (Figures  7  and  8)  is  consistent 
with  this  conformation  dependent  mechanism  although  molecular  details  are 
still  lacking.  However,  the  DNA-fragmentation  dependent  activation  of  the 
poly  (ADP-ribose)  polymerase  could  not  be  confirmed  and  it  is  likely  that 
coincidence  of  phenomena  that  bear  no  causal  relationship  have  been 
correlated  in  the  past  (3).  It  is  of  interest  that  DNA-ase  I  protein  also  serves  as 
a  polymer  acceptor  in  the  9L-gliosarcoma  system  (18).  The  kinetics  of 
degradation  of  intranuclearly  synthesized  poly  (ADP-ribose)  is  also  regulated 
by  chromatin  structural  factors  (18),  since  at  high  polymer  concentration 
decay  is  minimal  or  completely  absent.  This  phenomenon  is  best  explained  by 
product  inhibition  of  glycohydroiase  by  ADP-ribose,  an  effect  far  greater 
when  the  polymer  is  formed  in  situ  than  when  added  externally  (cf.  18). 


REGULATION  OF  POLY  (ADP-RIBOSE)  BY 
M|1+,  C»J+  AND  POLYAMINES 

The  9L-gliosarcoma  cell  ghost  model  served  a  particularly  useful  purpose 
in  the  exploration  of  regulation  of  poly  (ADP-ribose)  polymerase  activity  by 
bivalent  cations  and  polyamines  (18).  When  all  endogenous  nuclear  bivalent 
cations  were  chelated  by  EDTA  the  polymer  synthesis  proceeded  at  a  slow 
rate  but  surprisingly  the  macromolecular  profile  of  polymers  synthesized  did 
not  differ  significantly  from  systems  containing  Mg2*  as  an  activator  (Figures 
7  and  8).  This  demonstrates  that  neither  initiation  nor  elongation  requires 
bivalent  cations,  and  it  seems  that  activation  by  bivalent  cations  affects  in  an 
as  yet  unknown  manner  the  availability  of  initiation  sites.  The  influence  of 
Ca2+,  Mg*1'  and  polyamines  is  summarized  in  Table  5.  It  is  evident  that 
without  the  catalytic  effect  of  enzymatically  inactive  DNA-ase  I  CaJ+,  Mg+, 
spermidine  and  spermine  increase  rates  and  Ca:+  is  a  more  active  cation  than 
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TABLE  5.  EFFECTS  OF  Ca2*,  Mg2*  AND  POLYAMINES  ON  POLYADENOSINE 
DIPHOSPHORIBOSYLATION  OF  PROTEINS  IN  9L-GLIOSARCOMA  CELL 
GHOSTS  IN  PRESENCE  AND  ABSENCE  OF  DNA-ase  I 


No. 

Addition  to  basic  incubation  mixture 

ADP-R  incorporated  (nmol/ mg  protein 
per  30  min) 

at  30  mm  NAD 

at  500  mm  NAD 

1 

_ 

0.1 1 

0.68 

2 

Pu 

0.1 1 

0.69 

3 

Spd 

0.29 

1.26 

4 

Sp 

0.30 

1.41 

5 

Ca2* 

0.42 

2.20 

6 

Ca2*  +  Pu 

0.44 

2.04 

7 

Ca2*  +  Spd 

0.48 

2.30 

8 

Ca2*  +  Sp 

0.20 

1.60 

9 

Mg2* 

0.27 

1.10 

10 

Mg2*  +  Pu 

0.22 

1.21 

II 

Mg2*  +  Spd 

0.28 

1.39 

12 

Mg2*  +  Sp 

0.20 

1.11 

13 

DNA-ase  1 

0.1 1 

0.32 

14 

DNA-ase  1  +  Pu 

0.12 

0.62 

13 

DNA-ase  1  +  Spd 

0.31 

1.12 

16 

DNA-ase  1  +  Sp 

0.30 

1.01 

17 

DNA-ase  1  +  Ca2*- 

1.96 

7.15 

18 

DNA-ase  1  +  Ca2*  +  Pu 

1.83 

7.98 

19 

DNA-ase  1  +  Ca2*  +  Spd 

2.89 

13.11 

20 

DN-ase  1  +  Ca2*  +  Sp 

1.90 

7.12 

21 

DNA-ase  I  +  Mg2* 

1.13 

5.83 

22 

DNA-ase  I  +  Mg2*  +  Pu 

1.38 

5.83 

23 

DNA-ase  1  +  Mg2*  +  Spd 

1.33 

6.44 

24 

DNA-ase  1  +  Mg2*  +  Sp 

0.34 

4.15 

; 


Pu  *  putrescine:  Spd  *  spermidine:  Sp  ”  spermine. 


Mg'*.  The  effects  are  similar  but  on  a  larger  scale  with  DNA-ase  1  present,  and 
it  is  clear  that  the  catalytic  effect  of  DNA-ase  I  itself  requires  either  Ca2*, 
Mg2*,  spermidine  or  spermine.  Combination  of  Ca2*  and  spermidine 
specifically  augmented  poly  (ADP-ribose)  polymerase  activity  (Exp.  19), 
indicating  that  under  V*,,  conditions  (i.e.  in  the  presence  of  a  catalytic  protein 
like  DNA-ase  I)  Ca2*  and  spermidine  may  be  the  real  cellular  regulators  of  the 
polymerase.  This  observation  has  probable  physiological  implications. 
Animal  cells  contain  mM  concentrations  of  Ca2*  as  well  as  spermidine. 
Intracellular  distribution  changes  of  Ca2*  and  the  metabolism  of  spermidine 
are  under  the  control  of  numerous  well  known  regulatory  systems.  Therefore 
seemingly  distant  biochemical  variations  can  through  Ca2*  or  spermidine 
effect  large  changes  in  poly  ADP-ribosylation  rates  without  the  necessity  of 
altering  enzyme  content  of  nuclei.  Exploration  of  these  regulatory  systems  is  a 
subject  of  current  research. 
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EXPERIMENTAL  EVIDENCE  INDICATING  A 
BIOLOGICAL  FUNCTION  OF  POLY  A  D  P -R  I  BOS  Y  L  AT  I O  N  IN 
ANIMAL  MODELS 

It  was  primarily  the  recognition  that  nuclear  non-histone  proteins  are  the 
most  significant  polymer  acceptors  that  led  to  studies  concerned  with  the 
action  of  developmental  hormones  and  carcinogenesis  on  poly  ADP-ribo- 
sylation.  The  first  specific  response  related  to  differentiation  and  development 
was  seen  in  cardiocyte  nuclei  (25)  where  a  ten-fold  change  of  poly 
ADP-ribosylation  was  recorded  as  a  function  of  a  three  week  period  of 
postnatal  development.  A  similar  cell  type  specific  and  age  dependent 
inhibition  of  poly  ADP-ribosylation  by  hydrocortisone  and  aldosterone  was 
also  described  (26).  The  sterol  hormones,  besides  inhibiting  synthesis  of  the 
polymer,  also  activate  its  catabolism;  thus  a  dual  effect  resulting  in  the  loss  of 
the  modifying  homopolymer  from  presumably  regulatory  nuclear  proteins  is 
effected.  The  hormonal  influence  studied  most  extensively  thus  far  is  the  effect 
of  T,  on  RNA  synthesis  (12,  27).  In  this  model  the  mode  of  action  of  poly 
ADP-ribosylation  on  RNA  synthesis  in  vitro  was  demonstrated  with  isolated 
cardiocyte  nuclei,  as  shown  in  Table  6.  Poly  ADP-ribosylation  in  vitro  was 


TABLE  6.  THE  EFFECT  OF  IN  VITRO  POLY  ADP-RIBOSYLATION  ON  RNA 
SYNTHESIS  IN  VITRO  BY  CARDIOCYTE  NUCLEI 


Experimental  conditions 

RNA  synthesis  (nmol  UMP 
incorporated  per  80  pg  nuclear 
protein  in  10  min 

1  Nuclei  of  controls 

2.6 

2  Nuclei  of  controls  after  poly  ADP-ribosylation 

2.7 

3  Nuclei  from  Tj  treated  rats 

3.7 

4  3  after  poly  ADP-ribosylation 

0.7 

3  4  in  the  presence  of  20  mM  nicotinamide 

3.4 

accomplished  by  preincubation  of  cardiocyte  nuclei  with  NAD  for  30  min  (cf. 
12).  It  is  clear  that  pretreatment  with  T},  which  induced  a  large  increase  in 
cardiac  ventricular  size  (12,  27),  was  a  prerequisite  for  the  large  inhibitory 
effect  of  poly  ADP-ribosylation  on  RNA  synthesis.  This  is  the  first  dear 
indication  of  the  regulatory  influence  of  poly  ADP-ribosylation  on  a  major 
enzymatic  process  involved  in  nucleic  acid  metabolism.  The  molecular 
mechanism  of  this  inhibition  is  being  studied  presently.  Gel  electrophoretic 
isolation  of  poly  ADP-ribosylated  polypeptides  indicates  that  the  in  vivo 
treatment  of  rats  with  T3  causes  an  uneven  inhibition  of  poly  ADP-ribosyla¬ 
tion  of  certain  groups  of  cardiocyte  polypeptides  with  a  molecular  mass  of 
130, 80-90, 65-80, 55-65  kd,  where  the  decrease  ranges  from  70-75%,  whereas 
the  diminution  of  poly  ADP-ribosylation  in  other  groups  of  peptides  is 
between  15  and  59%.  These  results  are  shown  in  Table  7.  Preincubation  with 
T.  at  10"’m  inhibits  in  vitro  poly  ADP-ribosylation  in  cardiocyte  nuclei,  and  a 
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similat  in  vitro  effect  was  observed  with  steroid  hormones.  The  probable 
role  of  poly  ADP-ribosylation  dependent  inhibition  of  RNA  physiological 
synthesis  is  the  termination  of  hormone  (stress)  induced  hypertrophy  (cf.  12). 


TABLE  7.  DIFFERENTIAL  EFFECTS  OF  T3  TREATMENT  ON  THE  DECREASE  OF 
IN  VITRO  POLYADENOSINE  DIPHOSPHORIBOSYLATION  OF  CARDIOCYTE 
NUCLEAR  POLYPEPTIDES  SEPARATED  BY  GEL  ELECTROPHORESIS 


Polypeptides 

No. 

Molecular  mass 
(kd) 

Specific  radioactivity 
(cpm/  weight  of  peak  area) 
saline  treated  Tj  treated 

%  change 

1 

240 

456 

317 

-30.5 

2 

210 

36 

30 

-16.7 

3 

180 

90 

49 

-46.0 

4 

180-130 

394 

261 

-33.8 

5 

130 

666 

149 

-77.6 

6 

120 

243 

105 

-56.8 

7 

113-90 

334 

200 

-40. 1 

8 

90-80 

302 

89 

-70.5 

9 

80-65 

360 

94 

-73.9 

10 

65-55 

227 

73 

-67.9 

II 

40 

43 

24 

-44.4 

12 

37-27 

147 

80 

-45.6 

13 

27-18 

67 

56 

-16.4 

14 

18 

163 

66 

-59.5 

CARCINOGENESIS 

There  is  a  large  increase  in  poly  ADP-ribosylation  of  nuclear  proteins  in  the 
early  precancerous  hamster  liver,  as  demonstrated  by  in  vivo  labeling  of  the 
polymer  followed  by  the  isolation  of  polymer  protein  adducts  with  the  aid  of 
affinity  chromatography  (cf.  1 1).  The  polymers  and  proteins  were  dissociated 
after  the  isolation  of  adducts  and  the  molecular  mass  of  both  protein  free 
polymers  and  polymer  free  proteins  determined  by  HPLC  molecular 
filtration.  The  increase  of  poly  ADP-ribosylation  of  largely  non-histone 
proteins  of  larger  molecular  mass  (between  ISO  and  210  kd)  was  specific  for 
the  precancerous  state  and  the  opposite,  a  decrease  of  poly  ADP-ribosyla¬ 
tion,  was  found  during  growth  hormone  induced  growth  (28).  By  in  vivo 
labeling  a  crossover  was  observed  at  the  poly  (ADP-ribose)  level  during 
growth  hormone  induced  growth  (28),  whereas  this  crossover  occurred  at  the 
NAD  level  at  the  precancerous  state  (11). 

On  the  basis  of  these  results  the  question  was  posed  whether  or  not 
inhibition  of  poly  ADP-ribose  polymerase  in  vivo  can  inhibit  the 
carcinogenic  process.  It  is  noteworthy  that  the  augmentation  of  poly 
ADP-ribosylation  seen  in  the  precancerous  state  was  more  specifically  found 
to  coincide  with  a  promoter  process,  i.e.  liver  regeneration,  even  without 
carcinogen  treatment  (29).  Consequently  a  cellular  model  of  carcinogenesis 
was  selected  where  the  temporal  events  of  carcinogenesis  were  experimentally 
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defined  (30).  Human  fibroblasts  synchronized  by  nutritionally  imposed  G, 
block  followed  by  release  and  stimulation,  when  exposed  to  ultimate 
carcinogens  immediately  after  G|  block,  respond  with  transformation  to  cells 
that  exhibit  anchorage  independent  growth  and  tumor  formation  in  animals 
that  have  been  injected  with  the  transformed  cells. 

It  is  of  considerable  interest  that  the  above  described  synchronization 
method,  which  is  a  prerequisite  of  in  vitro  carcinogenesis  with  human 
fibroblasts,  also  induces  a  4-  to  5-fold  increase  of  rates  of  protein-poly 
ADP-ribosylation  as  assayed  by  the  cell  permeabilization  technique  of(cf.  18). 
These  results  are  shown  in  Table  8. 

TABLE  8.  INCREASE  OF  POLY  ADP-RIBOSYLATION  IN  SYNCHRONIZED  AND 


Gi  BLOCK  RELEASED  HUMAN  FIBROBLASTS  AS  COMPARED  TO  RANDOMLY 
GROWING  CELL  CULTURES 

poly  ADP-ribosylation 

No. 

Growth  conditions 

Assay  conditions 

(nmol  ADP-ribose/ mg 
protein  in  10  min) 

Activation  ratio 
by  DNA-ase  1 

1 

Random 

(a)  no  DNA-ase  I 

(b)  +  DNA-ase  I 

0.33 

2.36 

7.1 

2 

Synchronized  and  Gi 

(a)  no  DNA-ase  I 

1.40 

1.91 

block  released  (cf.  30) 

(b)  +  DN-ase  1 

2.67 

Each  assay  contained  260  Mg  (protein)  permeabilized  cells,  about  ICP  cells.  300  mm  NAD.  Mg1* 
(10  m.M)  and  buffer  as  described  (18).  Inactivated  DNA-ase  I,  when  added,  was  present  in  a 
concentration  of  200  Mg/  ml. 


The  significant  increase  of  poly-ribosylation  was  measurable  only  when 
endogenous  polymer  acceptors  were  assayed  (la  and  2a).  According  to  our 
interpretation  this  would  be  explained  by  a  conformational  change  of 
chromatin  in  synchronized  cells,  allowing  the  increased  availability  of 
initiator  sites.  When  DNA-ase  I  protein  is  added  the  difference  disappears 
between  random  and  synchronized  cells,  indicating  that  under  VWI 
conditions,  when  presumably  all  acceptor  sites  are  available,  the  enzymatic 
rate  differences  vanish.  We  interpret  these  results  to  indicate  that  rate  changes 
are  not  related  to  enzyme  content  but  to  conformationally  induced  release  of 
ADP-ribose  acceptor  sites.  There  is  increasing  evidence  accumulating  that 
favors  change  of  chromatin  conformation,  probably  at  the  supramolecular 
level,  as  a  significant  mechanism  of  gene  regulation  (31)  and  recently  electron 
microscopy  suggested  a  similar  structure  related  regulation  of  poly  ADP- 
ribosylation  (32). 

The  most  significant  aspect  of  results  shown  in  Table  8  is  the  similarity 
between  increased  poly  ADP-ribosylation  in  the  precancerous  state  in  vivo 
(II)  and  the  appearance  of  the  same  phenomenon  in  cell  cultures  predisposed 
to  be  susceptible  to  carcinogenesis. 
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As  summarized  in  Table  9,  exposure  of  human  fibroblasts  to  benzamide,  a 
highly  potent  inhibitor  of  poly  ADP-ribose  polymerase  in  cells  (cf.  18),  at  a 
time  schedule  that  coincides  with  the  activation  of  this  enzyme  system  by  G, 


TABLE  9.  PREVENTION  OF  CARCINOGENESIS  IN  HUMAN  FIBROBLASTS  BY 
BENZAMIDE.  A  SPECIFIC  INHIBITOR  OF  POLY  (ADP-RIBOSE)  POLYMERASE 


No. 

Treatment  of  cells 

No.  of  cancer  cell  colonies 
formed  per  30.000  cells 

1 

Methylazoxy-methanol-acetate 

300-350 

2 

1  +  benzamide 

I 

3 

N-me-N-nitrosoguanidine 

45-50 

4 

3  +  benzamide 

1 

5 

3-hydroxy-l-propane-sulfonic  acid  y-propiolactone 

40-42 

6 

5  4-  benzamide 

1 

7 

Benzamide 

1 

block  and  release  completely  abolishes  the  carcinogenic  effect  of  a  variety  of 
ultimate  carcinogens.  The  concentration  of  externally  added  benzamide  was 
I  bm,  but  by  tracer  methodology  it  was  shown  that  only  0.7- 1.5%  of 
benzamide  enters  the  cells,  and  the  calculated  nuclear  concentration  (between 
8  and  10  /im)  is  exactly  in  the  range  where  poly  ADP-ribose  polymerase  is 
selectively  inhibited  40-50%  by  this  non-toxic  agent.  Benzamide  is  recovered 
without  metabolic  conversion  from  human  fibroblasts  following  exposure  for 
18  hr,  as  determined  by  HPLC  analysis. 

The  molecular  mechanism  of  this  carcinogenesis  prevention  by  the 
inhibition  of  poly  (ADP-ribose)  polymerase  is  the  subject  of  further  studies 
(33);  however,  the  phenomenon  itself  leaves  little  doubt  regarding  a  real 
cellular  regulatory  function  of  poly  (ADP-ribose).  Artefacts  such  as  a 
reaction  of  carcinogens  with  benzamide  are  readily  ruled  out  on  a  chemical 
basis  and  the  selectivity  of  the  observed  intervention  appears  to  be  restricted 
to  the  polymerase  reaction. 

SUMMARY  AND  PROSPECTUS 

Poly  ADP-ribosylation  of  nuclear  proteins  does  not  seem  to  relate  to  any 
recognizable  metabolic  reaction  in  cellular  economy  except  that  the  polymer 
is  an  obligatory  catabolic  product  of  NAD.  The  turnover  of  NAD  is  regulated 
by  the  metabolism  of  the  polymer.  It  is  the  apparently  elusive  nature  of  this 
covalent  protein  modification  that  appears  to  sustain  an  aura  of  uncertainty 
related  to  its  cellular  significance. 

The  experimental  evidence  discussed  in  this  report  follows  a  relatively 
uncomplicated  line  of  reasoning.  It  was  shown  that  the  polymer  possesses  a 
highly  significant  secondary  structure  (reminiscent  of  DN  A);  thus  its  role  as  a 
macromolecular  association  promoting  or  regulating  polymer  within  the 
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nucleus  is  feasible.  It  follows  from  this  physico-chemical  consideration  that  a 
physiological  role  has  to  be  identified  in  the  specific  field  of  regulation,  not  as 
an  essential  metabolic  component  of  macromolecular  metabolism.  Based  on 
the  prevalent  targets  of  poly  ADP-ribosylation,  non-histone  proteins,  the 
latter  known  to  play  a  specialized  function  in  differentiation  and  develop¬ 
ment,  we  identified  indeed  signals  of  poly  ADP-ribosylations  that  correlate  to 
age,  differentiation,  and  are  developmental  hormone  mechanisms  and 
significant  in  carcinogenesis.  The  sum  of  this  evidence  justified  more  detailed 
molecular  studies,  and  these  are  concerned  with  the  identification  of  highly 
important  regulatory  nuclear  proteins  for  which  poly  ( ADP-ribose)  can  serve 
as  an  identifying  marker.  Isolation  of  these  poly  ADP-ribosylation 
susceptible  non-histone  proteins  and  their  mechanism  of  binding  to  selective 
DNA  segments  (templates),  thereby  presumably  influencing  transcription 
selectivity,  appears  to  us  the  most  profitable  future  trend  of  research  in  this 
relatively  undeveloped  field. 
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SYNTHESIS  OF  14C-LABELL£D  METHYLAZOXYMETHANOI.  ACETATE  OF  HIGH 
SPECIFIC  ACTIVITY 

Frederick  D.  Cazer*,  Satish  B.  Barnela,  Kultar  S.  Kumar,  Prabhakar  L.  Kamat,  George  E. 
Milo  and  Donald  T.  Witiak**,  Division  of  Medicinal  Chemistry  and  Pharmacognosy,  College 
of  Pharmacy  and  the  Comprehensive  Cancer  Center,  The  Ohio  State  University,  Columbus, 
Ohio  43210 


SUMMARY 

The  micro-scale  synthesis  of  34C-labelled  methylazoxymethanoi  acetate  (14C-MAM- 
acetate)  having  a  specific  activity  of  110  mCi/mmol  was  accomplished  in  25%  yield  from 
N,N'-Cmethyi-I4C]  -dimethylhydrazine  with  a  specific  activity  of  112.5mCi/mmol. 

Key  Words:  Carbon-14;  Methylazoxymethanoi  Acetate;  Azomethane;  Azoxymethane; 
Bromoezoxy methane;  N,N'-dimethylhydrazine. 

INTRODUCTION 

C  yeas  in  (S-D-glucosyl-azoxymethane)3*2  is  hepatotoxic  and  carcinogenic  in  rats3*4 
and  this  toxicity  is  attributable  to  the  aglycone,  methylazoxymethanoi  (MAM)®*®,  which  is 
also  a  metabolite  of  1,2-dimethylhydrazine.  MAM-acetate  has  increased  stability,  reduced 
volatility,  retains  toxicity7*®  and  is  a  very  potent  transformer  of  human  fibroblasts  in 
culture  (manucripts  in  preparation).  Although  the  synthesis  of  l4C-MAM-acetate  was 
reported  by  Horisberger  and  Matsumoto®,  their  synthesis  of  this  compound,  starting  with 
commercially  prepared  14C-labelled  azomethane,  yielded  only  small  quantities  of  labelled 
pro&ict.  It  was  suggested  that  poor  yields  may  reflect  autoradiolysis.  In  contrast,  we 
report  here  the  micro-scale  synthesis  of  14C-MAM-acetate  of  near  theoretical  specific 
activity  and  in  significantly  higher  yields. 


DISCUSSION 

Using  a  modification  of  the  synthetic  scheme  reported  by  Horisberger  and 
Matsumoto®  the  synthesis  of  14C-MAM-acetate  (5)  was  accomplished  by  oxidation  of 
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N,N'-[  methyl-1 4Cl -dimethylhydrazine  (1)  to  14C-a2ome  thane  (2)  and  subsequently  14C- 
azoxymethane  (3).  Allylio  type  brominaticn  followed  by  reaction  with  silver  acetate 
afforded  5. 

CHyNH-NH- CH3  - *>  CHyN=N- CH3  — *.  CHyN=N- CH3 

O 

I  2  3 

" 

CHyN=N-  CHyO-CO-CH3  *—  CH3-N=N-  CHyBr 
O  0 

5  4 

Although  reaction  conditions  using  cold  material  were  optimized  at  each  step,  the 
reaction  conditions  for  the  radiolabelled  material  required  considerable  modification. 
Micro-scale  production  of  high  specific  activity  5  waa  carried  out  using  the  described 
apparatus.  The  25  ml  reaction  flask  and  10  ml  traps  were  critical;  poor  yields  of  3  were 
obtained  with  unlabelled  material  on  the  micro-scale  when  these  vessels  were  SO  and  25  ml, 
respectively. 

Under  these  conditions  1  was  converted  to  3  in  80%  yield;  a  significant  improvement 
over  the  31%  average  reported  by  Horisberger  and  Matsumoto®.  The  argon  flow  rate  of  5-6 
mV  min  is  critical  since  a  slower  rate  does  not  adequately  carry  the  azomethane  from  the 
reaction  flask  and  at  faster  flow  rates  azomethane  escapes  from  the  traps.  Both  traps 
were  charged  with  the  less  polar  methylene  chloride  solvent  substituted  for  previously  used 
ether*.  Thus,  the  re-chloroperbenzoic  acid  is  retained  on  the  column  during 
chromatographic  purification  on  basic  alumina. 

The  desirable  temperature  of  trap  #1  is  10  -  12°C.  Too  low  a  temperature  results  in 
precipitation  of  m-chloroperbenzoic  acid  and  this  in  turn  decreases  conversion  of 
azomethane  (2)  to  azoxym  ethane  (3).  Gas  flow  and  evolution  of  radioactive  gas  was 
routinely  monitored  by  bubbling  the  trap  effluent  through  scintillation  cocktail.  During  20 
-  30  mCl  reactions  only  3  -  10  uCi  of  14C  could  be  detected  in  the  scintillation  vial.  A 
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significant  difference  in  reaction  time  was  required  for  bromination  using  labelled  vs. 
unlabelled  azoxymethane.  For  unlabelled  material  bromination  was  complete  in  2  -  3  hr, 
whereas  azoxymethane  of  high  specific  activity  always  required  a  5  -  6  hr  reaction  time  (4 
experiments).  Although  it  is  tempting  to  propose  an  isotope  effect  to  explain  these  results, 
further  work  is  necessary  to  substantiate  such  a  possibility. 

Miligram  quantities  of  MAM-acetate  (5)  were  purified  by  thin  layer  chromatography 
(TLC)  and  visualized  under  UV  light.  The  MAM-acetate  band  was  scraped  and  eluted  with 
methylene  chloride.  Caution  should  be  exercised  during  solvent  evaporation  so  as  not  to 
lose  product.  TLC-purified  l^C-MAM-acetate  was  analyzed  by  HPLC  under  conditions 
markedly  different  than  those  reported  by  Fiala  et  al.U  Neither  HP LC  methodologies  may 
be  utilized  for  preparative  purification  owing  to  difficult  product  recovery  from  the  eluting 
solvent  (approx.  12%  Me0H/H20).  Long  range  spin  coupling  (J=1.46)  between  N-CH3  and 
NCHj  functions  confirmed  the  structural  assignment. 

Assembly  for  the  Micro-scale  Preparation  of  Azoxymethane 


a.  25  ml  three  necked  flask,  b.  14/20  "Thread-Tite"  Joint,  c.  "Thread-Tite" 
teflon/silicon  septum  cap.  d.  10  ml  bulb  long  necked  trap  with  side  arm  and  including 
a  gas  bubbler  that  extends  close  to  the  bottom  of  trap.  e.  10  ml  bulb  filled  with 
anhydrous  CaClj.  f.  Oas  inlet  tube  extending  close  to  the  bottom  of  3  necked  flask, 
g.  12/S  bell  and  socket  joint  secured  with  a  clamp,  h.  gas  outlet  tube  secured  to 
reaction  flask,  i.  dewar  flask  j.  ice  bath  k.  scintillation  vial  with  10  ml  cocktail 
and  a  pipet  bubbler. 
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EXPERIMENTAL  SECTION 

NMR  data  were  obtained  in  100%  CDCI3  using  an  IBM  NR/80  spectrometer. 
Radioactive  disintegrations  were  measured  on  a  Beckman  LS-355  liquid  scintillation 
counter  using  Amersham  PCS  or  NEN  formula  963  as  a  counting  cocktail  and  dpm  were 
determined  using  OXI-TEST  internal  standard  from  Radiomatic  Instrument  and  Chemical 
Co  Inc.  Standard  NjN'-dimethylhydrazine  dihydrochloride  was  purchased  from  Aldrich;  m- 
chloroperbenzoic  acid  and  unlabelled  MAM-acetate  were  purchased  from  Sigma.  TLC 
plates  were  silica  gel  GF,  10  x  20  cm,  2S0  micron,  glass  plates  purchased  from  Analtech. 
BPLC  was  carried  out  using  a  Laboratory  Data  Control  (L.D.C.)  Gradient  System 
controlled  by  a  Commodore  PCM  1611  control  module.  The  column  effluent  was  monitored 
using  a  L.D.C.  Spectromonitor  QI  variable  wavelength  UV  detector  and  the  radioactivity 
was  measured  by  radioactive  flow  detector  FLO-ONE  model  HP  using  Flo-Scint  D  cocktail 
purchased  from  Radiomatic  Instrument  and  Chemical  Co.  The  column  was  a  L.D.C. 
Excalibar  Spherisorb  ODS  5g,  4.6  x  230  mm.  All  glassware  utilized  had  nThread-Tlten  14/20 
Joints  and  caps  purchased  from  Reliance  Glass  Work,  Inc. 

N.N'-I  Methvl-l^Cl  -dlmethvlhvdrazlne  dlhvdrochloride  (l)i 

ft 

Dimethylhydrazine  ©,  having  a  specific  activity  of  112.5  mCi/mmol,  was  prepared  in 
30%  yield  by  the  method  of  Kumar  et  aL  10  The  purity  of  the  compound  was  determined 
by  comparing  its  TLC  with  that  of  standard  NjN'-dimethylhydrazine  dihydrochloride. 
l*C-Azomethane  (2)  and  Hc-Azoxvmethane  (3h 

These  compounds  were  prepared  in  sequence  without  separating  2.  Thus,  in  a  23  ml 
3-necked  round  bottom  flask  fitted  with  a  teflon/ silicon  rubber  septum  and  a  gas  inlet  tube, 
was  placed  223  mg  of  Amberlite  IRA-93  previously  washed  4-3  times  with  water.  Yellow 
mercuric  oxide  36  mg,  (0.26  mM)  and  1  ml  of  water  was  added.  Two  cooled  traps  each 
containing  10  ml  of  methylene  chloride  were  utilized.  To  trap  #1  was  added  30  mg  of  m- 
ehloroperbcnzotc  acid.  Trap  #1  was  cooled  to  approx.  10°C  with  cold  water  and  trap  #2 
was  cooled  in  an  ice-water  bath  (approx.  0°C).  The  reaction  flask  was  cooled  in  an  ice  bath 
end  2446  mg,  (0.178  mM,  20  mCl,  112.3  mCi/mmol)  of  N,Nf-[  methyl-1 4C]  - 
dimethylhydrazine  dihydrochloride  (J)  dissolved  in  l  mi  of  water  was  added  by  syringe 
through  the  septum.  The  ice  bath  was  removed  after  30  minutes  and  the  reaction  mixture 
was  stirred  at  room  temperature  for  2  hours.  Argon  was  then  bubbled  through  the  reaction 
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Synthesis  of  l4C-Labelled  Xfethylaxoxymethanol  Acetate 

mixture  at  a  flow  rate  of  5-6  ml/min  and  the  temperature  of  the  oil  bath  was  gradually 
raised  from  room  temperature  to  80-8S°C.  The  reaction  was  stirred  for  an  additional  2-3 
hours  at  this  temperature.  Heating  and  gas  flow  were  stopped  and  the  solutions  from  the 
two  traps  were  combined  and  stored  at  -4°C  for  24  hrs.  The  solution  was  brought  to  room 
temperature  and  passed  over  basic  alumina  (2  gm)  using  a  1  x  15  cm  column.  The  column 
was  washed  with  methylene  chloride  (5  ml)  and  the  eluent  was  distilled  at  70°C 
using  a  15  cm  vacuum  jacketed  vigreaux  column.  The  total  radioactivity  in  the  residue  was 
16  mCi.  The  yield  of  14c-azoxy methane  (3)  was  30%  based  on  1  (NMR  of  the  residue  from 
unlabelled  3  exhibited  NMR  (CDC13)  &  3.18  (bs,  3H,=NCH3),  4.05  (bs,  3H,  CH3  -NO=). 

14c-Bromoazoxymethane  (4)  was  prepared  by  placing  16  mCi  (0.145  mM)  of  3,  70  mg  (0.39 
mM)  of  N-bromosuccinimide  and  3  ml  of  carbon  tetrachloride  in  a  10  ml  pear-shaped  flask 
fitted  with  a  water  condenser  protected  by  a  calcium  chloride  tube.  The  mixture  wa3 
stirred  at  SO-55°C  under  a  60  watt  lamp  held  at  a  distance  of  2  cm.  Development  of  a 
light  orange  color  in  the  mixture  indicated  reaction  completion  (5-6  hrs.).  The  mixture  was 
cooled  to  room  temperature  and  filtered  through  a  disposable  pasteur  pipet  plugged  with 
glass  wool.  The  filtrate  containing  4  was  immediately  converted  to  14c-MAM-acetate 
without  further  purification. 

HC-Mcthvlazoxvmethanol  acetate  (5);  To  the  solution  of  4  in  carbon  tetrachloride  was 
added  85  mg  (0.30  mM)  of  silver  acetate.  The  mixture  was  protected  from  light,  stirred  at 
room  temperature  overnight,  and  filtered  using  a  pasteur  pipet  plugged  with  glass-wooL 
The  solvent  was  removed  at  77°C  using  a  short  path  distillation  head  affording  a  residue 
containing  10  mCi  14c.  The  crude  product  was  purified  (TLC)  on  silica-gel  using  ethyl 
acetatediexane  (1:2)  as  eluting  solvent.  The  band  which  chromatr-grephed  with  unlabelled 
standard  5  was  scraped,  eluted  with  methylene  chloride,  and  evaporated  on  a  rotary 
evaporator  at  room  temperature  (caution  must  be  exercised  to  avoid  loss  of  5)  to  afford 
4.03  mCi  (20.1%  yield)  of  pure  5  exhibiting  a  specific  activity  of  U0.3  mCi/mmol 
(determined  from  a  weighed  aliquot).  The  chemical  and  radiochemical  purity  of  TLC- 
purifled  3  was  analyzed  by  HPLC.  The  only  detectable  contaminant  was  3  (2.8%).  TLC 
purified  5  was  eluted  using  a  5-15%  methanol  linear  gradient  at  0.8  ml/min  over  67  minutes. 
Compounds  J  *nd  3  were  detected  by  monitoring  both  absorbance  at  235  nm  (0.03  AUFS) 
and  dpre  at  85%  static  efficiency  using  a  3:1  cocktail  to  eluent  ratio  and  a  0.5  ml  flow  cell. 
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Retention  times  were  19.4  and  33  min.  for  3  and  5,  respectively.  NMR  (CDCI3)  for  both 
labelled  and  unlabelled  standard  exhibited  £  2.15  (s,  3H,  CH3CO),  4.06  (t,  3H,  J  *  1.46  Hz, 
CH3NO)  5.37  (q,  2H,  J*1.46  Hz,»NCH20).  The  distillate  from  crude  5  contained  6  mCi  of 
3.  This  distillate  on  rebromination,  acetylation  and  purification  by  TLC  afforded  900  yCi 
of  pure  5.  The  total  yield  of  5  was  4.93  mCi  (24%)  based  on  L 
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